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 Resilient modulus, MR, is an important parameter which characterizes the 
subgrade ability to withstand repetitive stresses under traffic loadings. In the current 
research, two sandy clay materials i.e. kaolinite-sand mixtures and bentonite-sand 
mixtures are compacted and tested in the laboratory to evaluate how their resilient 
modulus and unconfined compressive strength varies with different factors. The factors 
include different clay-sand ratio, soil plasticity index and different compaction 
moisture conditions i.e. dry, optimum and wet conditions. The filter paper method is 
used to measure the matric suction within the compacted specimens. 
 A two step single layer compaction was employed for fabricating the test 
specimens. It was found that the method gave a more uniform density profile within 
the specimen than the multi-layer compaction recommended in AASHTO-307 or a 
single step top down compaction method. 
 Besides dry density, matric suction developed within the specimen during 
compaction contributed significantly to the strength and stiffness of the soil. For 
example, bentonite-sand specimens though less dense than kaolinite-sand specimens, 
are much stronger and stiffer. Generally, resilient modulus and unconfined 
compression strength of both the mixes increase with a decrease in clay content. This is 
despite of the drop in suction within the bentonite-sand mixtures when bentonite 
content decreases. 
 Through controlled experiments carried out in the laboratory on known soil 
material, a more distinct trend in the strength-stiffness relationship for the soil tested 
can be clearly observed. Experiment data shows that soil compacted under each 
compaction moisture condition exhibit its own unique strength-stiffness relationship 
while no observable correlation can be found for strength and stiffness of the same soil 
 vii
compacted under different compaction moisture conditions. This illustrates the 
importance of fabric effect when a reasonable correlation is to be found between 
stiffness and strength for field specimens. Lastly, suction has to be taken into account 
when evaluating the stiffness of the soil in relation to its strength. 
 
Keywords:  Clay-sand ratio, compaction, dry density, plasticity index, resilient 
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1.1.1) The global rail revival 
 
 After decades of investment on highways, countries all over the world are 
beginning or have begun to turn their attention on railway as a major mode of 
transportation. Two huge railway projects – the great railway from Bejing to Lhasa 
Tibet and the Alice Springs/Darwin Railway project which will connect Melbourne to 
Darwin, are among the many ongoing railway projects in the global rail revival. 
 Many have begun to see the numerous advantages that rail can offer. The rail is 
able to alleviate the problem of road congestion and air pollution encountered by many 
societies that have depended heavily on roads and highways as their main mode of 
transportation. For every kilometer of travel, an intercity passenger train consumes 
one-third as much energy per rider as a commercial airplane and one-sixth as much as 
a car carrying only the driver (Lowe, 1994). It should be noted that a steel wheel on a 
steel rail has one-seventh of the friction of a rubber-tyred wheel on a bitumen surface 
(Fischer, 2001). In addition, oil consumption is reduced by means of electrified rail. 
Land consumption is also reduced as rails take up less space compared to highways 
and airports. Besides saving on natural resources, rail offers a safer alternative mode of 
transportation than road transport in terms of its better accident record. Last but not 
least, for the majority of people in the world who could not afford an automobile or 
airline ticket, rail makes long distance traveling a possibility. 
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1.1.2) Track components 
 Figure 1.1 shows the main components of ballasted track components. The 
superstructure consists of the rails, the fastening system, the sleepers (ties). The 
substructure consists of the ballast, the subballast and the subgrade. The subgrade for 
railway, either natural ground or placed fill from soils existing locally, provides the 
main source of resiliency to the superstructure and contributes significantly to the 
elastic deflection of the track under wheel loading. The ballast and subballast, or 
collectively called the granular layer, reduces the load from the moving train to 
acceptable levels for the underlying subgrade.  
 The two common track subgrade failures caused by excessive repetitive stress 
in the subgrade are progressive shear failures and excessive plastic deformation. Figure 
1.2 shows diagrammatically how overstressed clay is progressively squeezed sideways 
and upwards, during a progressive shear failure. Excessive shear failure is shown in 
Figure 1.3 as a ballast pocket formed the vertical component of the progressive shear 
deformation and deformations caused by progressive compaction or consolidation of 
the entire subgrade layer because of repeated loading (Li and Selig, 1998). The 
subgrade cumulative plastic strain, εp, and deformation, ρ, are represented by the 














ερ  (1.2) 
where N = the number of repeated stress applications; σd = soil deviator stress cause by 
train axle loads; σs = soil unconfined compressive strength; a,m,b = parameters 
dependent on soil type; T = subgrade layer depth as shown in Figure 1.1. These two 
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equations are based on extensive test results of various fine grained soils under 
repeated stress applications (Li, 1994; Li and Seliq, 1996). 
These two problems are results of excessive deviator stress generated in the 
subgrade. Deviator stresses can be lowered by having granular layer of sufficient 
thickness, which in turn is dependent on the subgrade conditions. The properties 
considered for the subgrade layer include σs and the resilient modulus of the layer. 
 
1.1.3) Resilient Modulus 
 The parameter, resilient modulus, which characterizes soil behaviour under 
repeated loading, was introduced by Seed et al. (1962) and defined as repeated deviator 
stress divided by recoverable (elastic) axial strain in the triaxial test. Besides 
recoverable deformation, subgrade will undergo permanent or plastic strain under 
repeated wheel load. For an adequately designed track, the major deformation should 
be elastic since the plastic deformation is very small. Further elaborations on the 
concept of resilient modulus will be made in CHAPTER TWO.  
 As technology advances and with the advent of high speed trains traveling 
typically at about 150 km/h, railway subgrades are increasingly subjected to higher 
stresses as compared to the past (refer to Section 4.2.5 on DAP, dynamic amplification 
factor). In order to prevent subgrade problems leading to expensive rehabilitation 
works after the rail is built, it is very important to ascertain that the strength of the 
subgrade before laying the rail. In the current electrified double track project in 
Malaysia, the Statement of Need specifies that the vertical deformation of the track 
should not exceed 25 mm over a period of six months. Given the stringent criteria, 
laboratory tests have to be carried out to determine the resilient modulus of soil 
samples that have been taken from site.  
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 Resilient modulus test is notorious for being a difficult test, being extremely 
dependent on many factors such as the differences in test equipment, instrumentation, 
sample preparation, end conditions of specimen and data processing. With past 
experience of resilient modulus test giving much large variation of results, the test has 
often been criticized. 
 Most of the field samples tested contain substantial amount of fines, with some 
containing up to 80% fines. Clayey soil is normally of concern to a railway engineer.  
Due to its low permeability, pore pressure increase under repeated load will reduce its 
stiffness and strength, which will lead to an increase in plastic strain accumulation. 
Furthermore, attrition is normally associated with hard, fined grained materials such as 
clay (Selig and Waters, 1994). 
 
1.2) Objectives 
 The overall objective of the current research is to study the response of clayey 
soil under repeated loading. As seen in Equation 1.1, the resilient modulus and 
unconfined strength are physical parameters of the subgrade which affect the design of 
the railway track. Thus, the present research aims to further our understanding on these 
two parameters by studying the effects of different factors on them.  
The factors studied include clay plasticity, clay content and compaction 
moisture condition. In order to evaluate the effects of these factors, a series of 
experiments are carried out on synthetic specimens compacted in the laboratory. 
Different mixtures of clay and sand are used to fabricate the specimens. 
Lastly, the strength-stiffness relationship of the compacted sandy clay 
specimens is studied. The use of synthetic specimens for testing limits the changes in 
material properties within the compacted soil mixes, thereby allowing a clear trend for 
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the strength-stiffness correlation to be seen for the various mixes studied. This in turn 
will allow the author to identify the factors which have significant influence on the 
strength-stiffness relationship of sandy clay soils. 
Through conducting the resilient modulus test for the first time in the highway 
laboratory, it is hoped that the experience gained will be useful in furthering the 
modern pavement research capabilities of the National University of Singapore. 
 
1.3) Organization of thesis 
CHAPTER ONE introduces the background of the research and states it 
objectives as well as the organization of the thesis. 
CHAPTER TWO covers the summary of literature review of important past 
studies on the resilient properties of soil. The scope of the research is also identified in 
this chapter.  
CHAPTER THREE describes the experimental setup and testing program 
employed in the current research to obtain the various soil properties under study. 
CHAPTER FOUR presents the results of the experiments carried out and 
discusses the relation between different parameters. 
Lastly, CHAPTER FIVE concludes the thesis and suggests recommendations 
for future work to be done. 
 


































Figure 1.3: Excessive subgrade plastic deformation (ballast pocket) (After Li and Seliq, 1996) 
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2.1)  Concept of resilient modulus 
 
Pavement materials are repeatedly loaded and unloaded when subjected to 
traffic loading. Most pavements materials, especially soil, have been known to exhibit 
both elastic and plastic behaviour when subjected to loading and unloading. Elastic 
strain is recoverable while plastic strain is permanent. Figure 2.1 shows the strain 
behaviour of a specimen subjected to repeated axial loading. Initially, there is 
considerable plastic strain. However, the plastic strain caused by each load cycle 
decreases as the number of cycles increases. This is further depicted in Figure 2.2 
which shows the deformation per cycle almost fully recoverable (i.e. plastic strain ≈ 0) 
after one thousand cycles in a repeated load test on an unbound material. 
 The resilient modulus (MR) is analogous to the modulus of elasticity (E), with 




σ=  (2.1) 
where: 
dσ = axial deviator stress, or the applied axial load divided by the average  
         cross- sectional area of the sample. 
rε = axial recoverable strain, or the elastic deformation divided by the gage length of  
        the specimen over which the deformation is measured. 
 
2.2) Resilient modulus test procedures 
 As traffic moves over a pavement surface, a large number of rapidly applied 
and removed stress pulses of various magnitudes act on each element of pavement 
material. As the applied load is applied and removed, each element experiences a 
rotation of the principal stress axes and a complete reversal of shear stress. In order 
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that the resilient modulus of subgrade materials determined in the laboratory is 
representative of that in the field, their physical conditions and stress states, when 
subjected to moving wheel loads, must be simulated during the laboratory testing.  
 
2.2.1) Confining stresses and load pulses 
Confining pressure is applied to the soil specimen in a triaxial cell to simulate 
the confinement of the material in the pavement. The moving wheel load on the 
subgrade is simulated by a series of distinct load pulses applied to the test specimen 
(Figure 2.3). In particular a haversine loading is used in the resilient tests 
recommended AASHTO. This type of waveform has been proven by research to be 
fairly representative of the effect of a moving wheel load over a pavement section 
(Vinson, 1989). 
 
2.2.2) Standard procedures of resilient modulus test 
 In 1986, the American Association of State Highway and Transportation 
Officials (AASHTO) adopted in the guide for the design of pavement structures the use 
of elastic or resilient modulus as the basis for the characterization of pavement 
materials. The AASHTO guide specifies that, for roadbed soils, laboratory tests of 
resilient modulus should be performed on representative samples under stress and 
moisture conditions that simulate the actual field conditions. For this, the test 
procedure AASHTO T274-82, the “Standard Method for Testing for Resilient Modulus 
of Subgrade Soils” is suggested for use. This is the first modern standard procedure 
used for resilient modulus testing. However, this procedure has been criticized for 
being too time consuming. Furthermore, the specimens are subjected to severe loading 
conditions that might result in premature failure in the conditioning stage.   
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In 1991, AASHTO modified the procedure and released T292-91I (AASHTO, 
1991) testing procedure. Overall, the number of load cycles in the conditioning and 
testing stages are fewer in the new procedure, thereby reducing the time required for 
each test. The ratio deviator stresses to confining stresses is also lower as compared to 
the previous procedure, thereby reducing the possibility of premature failure of the 
specimen. In 1992, the Strategic Highway Research Program (SHRP) test method of 
determining resilient modulus of soils and unbound aggregates SHRP P46 was adopted 
by AASHTO, which subsequently released AASHTO T294-92 (AASHTO, 1994). 
More recently, P46 was revised and amended and issued in 1996 in its final form. This 
is adopted with some modification by AASHTO as AASHTO standard T307-99, 
“Determining the Resilient Modulus of Soils and Aggregate Materials.”  
The loading stages for procedures T274-82, T292-91I and T294-92 for both 
granular and cohesive soils are summarized in Table 2.1 and 2.2 respectively. The load 
stages for T307-99 are tabulated in Figure 2.3. The test procedures will be described in 
more details in CHAPTER THREE. 
 
2.2.3)  Low repeatability and reproducibility of resilient modulus test 
 Over the years, joint-venture projects have been undertaken by many 
universities in evaluating the resilient modulus test procedures. Large variations of 
results within laboratories (repeatability) and between laboratories (reproducibility) 
were often observed. As a result, resilient modulus test has been criticized to be 
extremely user sensitive, producing variation of results too excessive to warrant 
practical usage.  
A round robin test hosted by the New York Department of Transportation 
(Lenker, 1992) compared the variation of resilient modulus test results between ten 
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participating laboratories throughout United States. The clayey soil testing showed 
large variability of test results between laboratories and within the same laboratory 
even though the specimens prepared were of the same water content and density. The 
poor repeatability within each laboratory was attributed to the quality of the sample 
prepared, notably the defects within samples has a large effect on its resilient modulus.  
In 1989, a twinning project was initiated under the name “A European 
Approach to Road Pavement Design” to compare the resilient test equipment and 
procedure of four European laboratories for unbound granular material (Galjaard et al., 
1993) as well subgrade soils (Hornych et al., 1993). Important scatter was seen for both 
the permanent and resilient strain measured. This was attributed to the different 
specimen preparation methods (i.e. different compaction methods) and instrumentation 
used by the laboratories. Large coefficients of variation were obtained within each 
laboratory, especially for fine grained subgrade soils, which produce coefficient of 
variation often exceeding 20%. This project illustrated the difficulties in performing a 
resilient modulus test.  
In describing a recommended field sampling and laboratory testing program for 
subgrade characterization, Von Quintus and Killingsworth (1998) suggested in their 
report that the resilient modulus test results can vary as high as 25% at any given stress 
level. They recommended that three replicated specimens for each material are 
necessary for accurate characterization of the material.  
To improve the consistency of the resilient modulus test within and between 
laboratories, the Federal Highway Administration developed a quality control 
procedure to verify the proficiency of the laboratory equipment and personnel in 
performing resilient modulus testing. This is documented in the report FHWA RD-96-
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176, “Resilient Modulus of Unbound Materials Laboratory Startup and Quality Control 
Procedure” (Alavi, et al. 1997). 
Boudreau (2003) examined the repeatability of the resilient modulus test by 
using carefully controlled experiments. High tolerance for specimen density and water 
content was enforced to minimize the variation of the results due to material variation. 
Using test procedure T307-99, he was able to obtain results with low coefficient of 
variability of within 5%, which indicated good repeatability. Thus, it is concluded that, 
the test procedure is capable of producing repeatable results if the variability of test 
equipment (evaluated using a system similar to that documented in FHWA RD-96-
176) and specimen are eliminated. The argument by Von Quintus and Killingsworth 
(1998) that three specimens were needed to characterize the resilient behaviour of a 
given soil is refuted with the suggestion by Boudreau (2003) that only one specimen is 
needed. However, it is noted that only one type of soil was used in the study. 
Therefore, further studies should be carried out involving more soil types covering a 
wider range of expected resilient modulus values. Furthermore, more laboratories 
should take part to evaluate the reproducibility of the test results between different 
laboratories. 
Other than variability of test specimens, Boudreau and Wang (2003) addressed 
in detail several factors that influence the resilient modulus measured in different 
triaxial chambers. Such factors include uplifting force, seal drag, system compliance, 
alignment of top load rod and top/bottom platens and last but not least physical 
dimension measurements of test specimen. For reasonable comparison to be made 
between resilient test results between laboratories, considerations of the above factors 
are very important, without which variation not attributed to material variation will 
probably occur.  
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2.3) Factors affecting resilient modulus of cohesive soils 
 
 Over the past forty years, the resilient modulus characteristics of cohesive soils 
have been investigated by numerous researchers. Seed et al. (1962) listed the following 
factors that influence the resilient modulus of soils: (1) the number of stress 
applications; (2) the age of initial loading; (3) the stress intensity; (4) the method of 
compaction; (5) the compaction density and water content. 
 Richart et al. (1970) who explained dynamic behaviour in terms of shear 
modulus gave a more comprehensive list of factors: (1) strain amplitude; (2) mean 
effective principal stress; (3) void ratio; (4) number of cycles of loading; (5) degree of 
saturation; (6) overconsolidation ratio; (7) loading frequency; (8) thixotropy; and (9) 
natural cementation.  
Li and Selig (1994) divided into three categories, the factors that influence the 
magnitude of resilient modulus: (1) Loading conditions and stress state, which include 
confining and deviator stresses the test specimen are subjected to and the number 
loadings and their sequence; (2) soil type and its structure, which depends on the 
compaction method and effort; (3) soil physical state which includes moisture content 
and dry density.  
 This section will elaborate some of the major factors that affect the resilient 
response of cohesive soils. 
 
2.3.1) Stress conditions 
 The magnitude of the repeated deviator stress was demonstrated in the 
experiment by Seed et al. (1962) to be the important factor that affect resilient modulus 
of a soil. This is illustrated in Figure 2.4. Unlike granular materials, confining pressure 
has been found to have little effect on the dynamic properties of cohesive soils. It has 
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being demonstrated by Robnett and Thompson (1973), that for practical pavement 
design and analysis purposes, unconfined compression testing is satisfactory for testing 
of cohesive soil. Therefore, constitutive relationships are primarily established between 
the resilient modulus and the deviator stress for fine grained subgrade soil (Li and 
Selig, 1994).  
 The bilinear model was proposed by Thompson and Robnett (1976)  
 dR KAM σ1+=     when did σσ <  (2.2) 
dR KBM σ2+=     when did σσ >  (2.3) 
where: 
K1, K2, A and B = model parameters dependent upon the soil type and its physical  
      state;  
σdi = deviator stress at which the slope of MR versus σd changes.  
 
This model is illustrated in Figure 2.5. Eri is the “breakpoint resilient modulus” 
at σdi . Thompson and Robnett (1976) proposed the use of Eri as a good indicator of a 
soil’s resilience behaviour.  
 
Other models include: (1) power model or the deviator stress model (Moossazadeh and 
Witczak, 1981); (2) SHRP model (SHRP in the early 1990s); (3) semilog model 
(Fredlund et al, 1977); (4) hyperbolic model (Drumm et al., 1990), (5) universal model 
(Uzan-Witczak). The equations for these models are tabulated in Table 2.4.  
  
2.3.2) Moisture content 
It has been well documented that resilient modulus of a soil decreases with an 
increase in water content. This trend is clearly depicted Figure 2.5 and Figure 2.6 
which show the relationship between resilient modulus and water content at constant 
dry density and constant compaction effort respectively obtained from repeated load 
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triaxial test results from the literature (Li et al., 1994).  A relatively small change in 
water content can result in a large effect on the stress strain behaviour of a soil under 
repeated loading. This is demonstrated by Drumm et al. (1997) in his experiment 
where a CH clay underwent a 43% decrease in resilient modulus when the degree of 
saturation increases 3.6% from 93.5 to 97.1% for similar total stress conditions.  
More fundamentally, the moisture affects the resilient behaviour of a clayey 
soil through its effect on its suction. Matric suction is a stress state variable which 
affects the mechanical behaviour of unsaturated soil (Fredlund and Rahardjo, 1993). 
While the water content or degree of saturation might be the same for different soils, 
their suction values are unique values which reflect the state of stress within the soil. 
As resilient modulus is sensitive to the state of stress within the soil, suction is 
therefore an important factor influencing resilient modulus.   
The importance of the influence of suction on the magnitude of resilient 
modulus has been reported by Dehlen and Monismith (1970). Fredlund et al. (1975) 
showed from a stress analysis standpoint that the resilient modulus is a function of 
three stress variables. 
( ) ( ) ( )[ ]waaR uuufM −−−= ,, 313 σσσ  (2.4) 
where:  
ua = pore-air pressure (approximately atmospheric);  
uw = pore-water pressure;  
(σ3 – ua) =  net confining pressure;  
(σ1 – σ3) = σd, deviator stress;  
(ua – uw) = S, matric suction 
Edil and Motan (1979) studied experimentally the relationship between the 
resilient modulus and soil moisture regime in terms of soil-water potential or soil 
suction for subgrade soils from Wisconsin. They concluded that soil suction reflects 
post compaction moisture regime, effects of soil type and fabric, climate and position 
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of groundwater table on the mechanical response of soil better than moisture content or 
degree of saturation alone.  
As a stress state variable, suction can be used to replace the mean normal 
effective stress in several equations of model for resilient modulus compacted clays. 
Brown (1975) first related resilient modulus to effective stress from the empirical 








(σ=  (2.5) 
The above expression is derived from test data on reconstituted silty clay for a range of 
initial specific volume, overconsolidation ratios and initial effective stresses. The data 
is shown in Figure 2.8. 
Loach (1987) performed repeated triaxial testing on an anistropically overconsolidated 









(=  (2.6) 
where po’ is the mean normal effective stress and dσ  is the repeated deviator stress , A 
and B are material constants. Similar models have been proposed by Loach (Brown et 
al., 1990) and Gomes Correia (Dawson and Correia, 1993) for testing on compacted 
unsaturated marl. These models emphasize the importance of the stress ratio )'(
d
op
σ  and 
are independent of overconsolidation ratio and specific volume (Brown, 1996).  
Furthermore, it is possible to replace po’ with suction, S for experiments conducted on 
compacted specimen (Brown et al. 1987, Dawson and Correia, 1993). 
 It was noted that equation above would overestimate MR at low deviator stress. 
Thus, a general equation was proposed (Dawson and Correia, 1993): 
doR EDpCM σ−+= '  (2.7) 
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where C, D and E are material constants. Similarly po’ can be replaced by S for 
compacted clay. This equation gives a finite maximum for MR at σd = 0. 
 Although an increase in suction usually lead to an increase in resilient modulus, 
there seems to be a critical value beyond which an increase in suction will decrease the 
resilient modulus.  Edil and Motan (1979) observed an increase in the resilient 
modulus of subgrade soils from Wisconsin when the degree of saturation is increased 
from 65% to 75% beyond which a decrease was noticed. 
 
2.3.3) Method of compaction 
AASHTO T307-99 (2003) recommends the use of vibratory compaction, static 
compaction and kneading compaction methods for the compaction of fine grained 
material.  Seim (1989) mentioned that Professor Robert Eliott of the University of 
Arkansas stated over the phone in October 28, 1986, the following results from 
research: (1) static compaction generally gives the highest but most variable resilient 
moduli; (2) kneading compaction yields the lowest and most consistent results, and (3) 
specimens compacted by Proctor methods yields MR intermediate of those from static 
and kneading methods but are closer to the kneading compaction results. 
 
2.3.4) Plasticity index 
Low plasticity tends to contribute to low resilient modulus of soil (Thompson, 
1989). Plasticity index has an effect on how the load duration and frequency during 
resilient modulus testing affect the results. It is noted that load duration has very little 
effect on the resilient modulus of granular materials, varying effect on fine grained soil 
depending on their plasticity and moisture content and a considerable effect on 
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bituminous materials. There has not been much studies on the effect of duration of rest 
period, but is believed to be insignificant (Huang, 1993). 
Furthermore, plasticity index is important in evaluating the nonlinear behaviour 
of (compacted) subgrade soil. This effect will be covered in following section which 
describes the nonlinear stress strain behaviour of soil. 
 
2.3.5) Strain amplitudes 
Though resilient modulus is usually been defined in terms of stress parameters, 
it is now strongly believed that the induced elastic strain amplitudes, experienced by 
the materials in respond to applied load and stresses,  actually govern the dynamic 
behaviour of soil (Pezo, 1991). Montemayor and Ray (1995) conducted resilient 
modulus tests by controlling deflection and found that strain levels are easier to 
correlate to resilient modulus than either deviator or bulk stress. 
Strain dependency of resilient modulus can be better explained by 
understanding the nonlinear stress strain behaviour of soils. From the stress strain 
curve shown in Figure 2.9, it can be seen that different stresses are obtained depending 
on the magnitude of the strain induced. The initial tangential modulus Emax is much 
larger than E3 measured at larger strain.  
Nonlinear stress strain behaviour is further illustrated in Figure 2.10. The graph 
is divided into two regions by the elastic threshold, etε . At cyclic strains less than etε , 
the resilient modulus is independent of the strain amplitude and is the maximum value 
measured. At cyclic strains more than etε , degradation occurs and resilient modulus 
decreases as strain increases. Within this range, pore water pressure is generated within 
the soil structure. Due to the limited sensitivity of the resilient modulus testing 
equipment, namely the resolution of the transducers and compliance of the system, 
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resilient modulus test works best at strains levels higher than 0.01 percent (Pezo, 1991, 
Kim and Stokoe, 1992).  
 The Ramberg and Osgood expression (Ramberg and Osgood, 1943) is also 

















where   G =  shear modulus 
 Gmax = maximum shear modulus at yield 
 τ  = applied shearing stress 
 yτ  = shearing stress at yield 
 r,α  = regression coefficients 
The expression can be rewritten in terms of resilient modulus or Young’s 
modulus. Kim and Stokoe (1992) found that plasticity index is an important variable in 
evaluating the effect strain amplitude has on the resilient modulus of compacted 
subgrade soils. Figure 2.11 shows how the normalized Young’s modulus varies with 
axial strain for various PI. The elastic threshold modulus is observed to increase as PI 
increases, as illustrated in Figure 2.12.  
 
2.4)  Correlations derived from alternative testing methods 
From the previous discussion in section 2.3, it can be seen that that it is difficult 
and time consuming to obtain reliable results from resilient modulus testing. This has 
led many researchers to propose correlations to resilient modulus based on results of 
other tests which are simpler and can be done on a routine basis. In fact, it is suggested 
in AASHTO Guide (1993) that in the absence of repeated load test, correlations can be 
developed.  
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2.4.1) California bearing ratio and R value 
 Heuklelom and Klomp (1962) proposed a correlation between California 
Bearing Ratio (CBR) of dynamically compacted soil and resilient modulus of in situ 
soil. The correlation is given by the following relationship: 
CBRpsiM R ×= 1500)(  (2.9) 
This correlation has been suggested by AASHTO design guide (1993) as a 
reasonable guide for estimating the MR of fined grained soil with a soaked CBR of 10 
or less. Other relationships, which relate resistant value (R-value) to MR has also been 
proposed by the Asphalt Institute (1982): 
)()( valueRBApsiM R −×+=  (2.10) 
where: 
A = 772 to 1155 and 
B = 369 to 555 
The above relationships are useful in the sense that the parameters, especially 
CBR, have been widely used in the characterization of soil. However, it is recognized 
that CBR is a measure of strength, which is not necessarily expected to correlate with a 
measure of stiffness or modulus such as MR (Drumm et al., 1990). Furthermore, the 
relationships disregard the stress dependency of the soil stiffness and only give a single 
value of MR. Brown et al. (1990) demonstrated that MR is not a simple function of CBR 
but depends on soil type and the applied deviator stress level. Their results are 
summarized in Figure 2.13. Thompson and Robnett (1976) failed to find a correlation 
between CBR and resilient modulus of Illinois soil. Sweere (1990) also could not find 
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2.4.2) Falling weight impacting a standard Proctor specimen 
An ideal alternative test for resilient modulus should be simple enough to be 
performed on a routine basis and the testing conditions should approximate the stress 
and strain states of a subgrade under vehicle loading (Drumm et al., 1996). 
 Drumm et al. (1996) developed an alternative test method to predict the MR of 
fined grained subgrade soils based on a falling weight impacting a standard Proctor 
specimen. The equipment setup is shown in Figure 2.14. The resilient modulus and the 
deviator stress (varied by different drop height) are calculated based on an idealized 
single degree of freedom spring mass model, expressed as a function of the 
acceleration during impact which is measured by an accelerometer found in the falling 
weight. This alternative test method produced results which agreed well with those 
from standard resilient modulus tests on fourteen soils from throughout Tennessee. 
Thus, it was shown that the method is simple to perform and provides satisfactory 
estimates of resilient modulus for most pavement engineering design applications. 
 
2.4.3) Static triaxial compression test  
 In another alternative testing method proposed by Kim et al. (2001), a static 
triaxial compression test is used to estimate the resilient modulus of subgrade soils. By 
examining the mean effective stresses during triaxial test and resilient modulus tests as 
shown in Figure 2.15, it is observed that the variation of the mean effective stress 
during the reloading stage of the static triaxial test is equivalent to those in the MR test. 
Therefore, stiffness determined from the reloading curve with the same seating 
pressure and confining pressure is used to estimate the resilient modulus of the 
specimen. In addition, the effects of strain amplitude and loading frequency and 
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number of cycles are carefully investigated and taken into consideration to ensure that 
the results from the static triaxial test and resilient test are comparable. 
 
2.5) Other correlations 
 
 
2.5.1) Hyperbolic models 
Drumm et al. (1990) derived two statistical models from test results of eleven 
fine grained soils throughout the state of Tennessee. The first model predicts the 
breakpoint resilient modulus (MR at σd = 41 kPa), which is used in several design 
algorithms. It involves the hyperbolic representation of the unconfined compression 
response (Figure 2.16):  
ε
εσσσσ
ba +===− 131  (2.11) 
where a, b = material parameters. The parameters a and b are determined from the the 
initial stress strain curve of a unconfined compression test. The breakpoint modulus, 
Eri, for each soil is obtained by fitting bilinear representation to the resilient modulus 
test results. Then a multivariate regression is used to find a relationship between the 
breakpoint modulus and a, b and various other factors such as plasticity index, 
unconfined strength, dry unit weight, degree of saturation and percentage of soil 
passing through #200 sieve. 
 The second model predicts MR.  The resilient response of the soil to deviator 





σ''+=  (2.12) 
Treating as dependent variables, general equations relating a’ and b’ to the 
same factors used in the determination of Eri are obtained statistically. Subsequently, 
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MR can obtained when values of dσ , a’ and b’ (calculated from their respective 
equations) are known. 
 
2.5.2) Correction factors 
Pezo and Hudson (1994) presented two models to predict the resilient modulus 
for non granular materials. The first model was developed using multilinear regression 
model, arranged in a way such that the terms of the model are expressed in terms of 
correction factors: 
6543210 FFFFFFFM R ⋅⋅⋅⋅⋅⋅=  (2.13) 
where 0F  is 67.70 MPa and 61   to FF  are correction factors for moisture content, 
percent of dry density with respect to maximum dry density, plasticity index, sample 
age, confining pressure and deviator stress respectively. The factors are arranged in 
decreasing order of their effect on the resilient effects of the soil tested in the 
experimental program (i.e. moisture content has the largest effect). The correction 
factors are listed in Table 2.5. 
The axial strain levels encountered in pavement subgrades generally range from 
small (< 10 -3 %) to intermediate (< 10 -1 %) levels. However, most MR testing 
equipment cannot measure moduli at axial strains smaller than about 0.01 % because 
of the limitation in the resolution of transducers and the compliance of the system itself 
(Kim and Stokoe, 1992). Taking into consideration the non linear stress strain 
behaviour of soil and in order to relate modulus measurements from field and 
laboratory tests, Pezo and Hudson (1994) applied the Ramberg and Osgood expression 
(1943) to derive a family of curves of normalized resilient modulus versus resilient 
axial strain for different plasticity indices (Figure 2.18): 























   (2.14) 
where  
MRmax = maximum resilient modulus corresponding to the axial strain elastic 
               threshold 
PI = plasticity index, in percent 
ete  = axial strain elastic threshold, in percent = 0.000214 PI 0.79, applicable only   




2.5.3) Moisture content at constant dry density or compaction effort 
Li and Selig (1994) developed a method to estimate the resilient modulus of 
compacted fine grained subgrade soil based by taking into consideration the influence 
of soil physical state, stress state and soil type. The change of soil physical state can be 
represented by two paths: (1) moisture content variation at constant dry density and (2) 
moisture content variation at constant compaction effort. This is illustrated in Figure 
2.19. Two correlations relating the change of resilient modulus along the two paths are 
derived by fitting polynomial equations to the many different tests results from the 
literature on various fine grained subgrade soils (Figure 2.6 and 2.7). From a known 
resilient modulus of a soil at a reference point (a particular optimum moisture content 
and maximum dry density under a particular compactive effort), the MR of the soil at 
other physical states (i.e. different moisture content and dry density) can be calculated 
using the correlations derived. 
 
2.5.4) Compressive strength at 1% strain 
Lee et al. (1995) made use of conventional unconfined compression test to 
develop an empirical correlation between MR and Su1.0% and laboratory compacted 
cohesive soil, where Su1.0% is the stress causing 1% strain during the conventional 
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unconfined compression test.  Test results from three types of cohesive soil compacted 
at four compaction efforts and different molding moisture content yield the following 
correlation from regression analysis: 
2
%0.1%0.1 )(86.0)(4.695 uuR SSM ⋅−⋅=    ( kPa) (2.15) 
where: 
MR = resilient modulus at axial stress of 41.4 kPa and confining pressure of 20.7 kPa.  
It was concluded that the relationship between MR and Su1.0% for a given soil is 
unique regardless of moisture content and compactive effort. The relationship for each 
soil could be obtained by conducting unconfined compression tests terminating at 1 % 
strain followed by resilient modulus tests on a series of only four or five specimens 
compacted over a range of moisture content with the same compactive effort. In 
addition, the test results of several field compacted soil fitted well among the data from 
the laboratory compacted samples of the same soil, therefore suggesting that the 
relationship can also be used to estimate the MR of field compacted soil. 
 
2.6) Scope of research 
Resilient modulus testing and unconfined compression tests will be carried out 
to characterize the stiffness and strength of the subgrade materials. In addition, since 
the subgrade in the field is compacted, dry density and matric suction are identified as 
main parameters to be measured as they reflect the state of stress present in the 
unsaturated soil. Careful measurements of these parameters are taken for each 
specimen prepared in the laboratory.  
Two types of clayey soil, one of high plasticity (bentonite-sand mixture) and 
the other of low plasticity (kaolinite-sand mixture) are compacted at different clay 
content and different moisture conditions in order to study their varying resilient 
properties. The variation in the resilient modulus and unconfined compression strength 
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will be explained by changes in suction and dry density resulting from the different 
mix content and moisture condition.  
 Lastly, the experimental results are plotted out according to their clay content 
and compaction moisture conditions to identify the factors which influence the 
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Table 2.1:  Load steps for testing of granular soils 
 
  AASHTO T274-82 AASHTO  T292-91I AASHTO  T294-92 
       Subgrade soils Base/ Subbase soils       
Test  Conf.  Dev. Reps. Conf.  Dev. Reps. Conf.  Dev. Reps. Conf.  Dev. Reps. 
Proce-
dure 
Pressure Stress   Pressure Stress   Pressure Stress   Pressure Stress   
  kPA kPA Cycles  kPA kPA Cycles  kPA kPA Cycles  kPA kPA  Cycles 
 Condit 
ioing 
34.5 34.5 200 103.4 82.3 1000 137.8 103.4 1000 103.4 103.4 1000 
  34.5 68.9 200                
 68.9 68.9 200          
  68.9 103.4 200                
  103.4 103.4 200                
  103.4 137.8 200                   
 Testi 
ing 
137.8 6.89 200 103.4 48.2 50 137.8 68.9 50 20.7 20.7 100 
  137.8 13.8 200 103.4 68.9 50 137.8 137.8 50 20.7 41.3 100 
  137.8 34.5 200 103.4 103.4 50 137.8 206.7 50 20.7 62 100 
  137.8 68.9 200    137.8 275.6 50    
  137.8 103.4 200          
  137.8 137.8 200          
 103.4 6.89 200 68.9 34.5 50 103.4 68.9 50 34.5 34.5 100 
  103.4 13.8 200 68.9 48.2 50 103.4 137.8 50 34.5 68.9 100 
  103.4 34.5 200 68.9 68.9 50 103.4 206.7 50 34.5 103.4 100 
  103.4 68.9 200 68.9 103.4 50 103.4 275.6 50    
  103.4 103.4 200          
  103.4 137.8 200          
  68.9 6.89 200 34.5 20.7 50 68.9 34.5 50 68.9 68.9 100 
  68.9 13.8 200 34.5 34.5 50 68.9 68.9 50 68.9 137.8 100 
  68.9 34.5 200 34.5 48.2 50 68.9 137.8 50 68.9 206.7 100 
  68.9 68.9 200 34.5 68.9 50 68.9 206.7 50    
  68.9 103.4 200          
  34.5 6.89 200 13.8 20.7 50 34.5 34.5 50 103.4 68.9 100 
  34.5 13.8 200 13.8 34.5 50 34.5 68.9 50 103.4 103.4 100 
  34.5 34.5 200 13.8 48.2 50 34.5 103.4 50 103.4 206.7 100 
  34.5 68.9 200            
  34.5 103.4 200           
  6.89 6.89 200     20.7 34.5 50 137.8 103.4 100 
  6.89 13.8 200     20.7 48.2 50 137.8 206.7 100 
  6.89 34.5 200     20.7 62 50 137.8 206.7 100 
  6.89 68.9 200             

















Table 2.2:  Load steps for testing of cohesive soils 
 
Procedure  AASHTO T274-82 AASHTO  T292-91I AASHTO  T294-92 
Conf.  Dev. Reps. Conf.  Dev. Reps. Conf.  Dev. Reps.   
Pressure Stress   Pressure Stress   Pressure Stress   
  kPA kPA Cycles  kPA kPA Cycles  kPA kPA  Cycles 
Conditioning  41.3 6.89 200             
  41.3 13.8 200 20.7 20.7 1000       
 41.3 27.5 200 20.7 41.3 1000 41.3 27.5 1000 
  41.3 55.1 200             
  41.3 68.9 200             
 Testing 41.3 6.89 200 20.7 20.7 50 41.3 13.8 100 
  20.7 6.89 200 20.7 34.5 50 41.3 27.5 100 
  0 6.89 200 20.7 48.2 50 41.3 41.3 100 
     20.7 68.9 50 41.3 55.1 100 
     20.7 103.4 50 41.3 68.9 100 
  41.3 13.8 200       20.7 13.8 100 
  20.7 13.8 200      20.7 27.5 100 
 0 13.8 200      20.7 41.3 100 
          20.7 55.1 100 
          20.7 68.9 100 
  41.3 27.5 200      0 13.8 100 
  20.7 27.5 200      0 27.5 100 
  0 27.5 200      0 41.3 100 
          0 55.1 100 
           0 68.9 100 
 41.3 48.2 200       
 20.7 48.2 200       
 0 48.2 200       
 41.3 68.9 200       
 20.7 68.9 200       

























Table 2.3:  Load steps for AASHTO T307-99 (2003) 
 
  AASHTO  T307-99 (2003) 
Procedure Subgrade soils Base/ Subbase soils 
 Conf.  Dev. Reps. Conf.  Dev. Reps. 
  Pressure Stress   Pressure Stress   
  kPA kPA Cycles kPA kPA Cycles 
Conditioning 41.4 27.6 500-1000 103.4 103.4 500-1000 
  41.4 13.8 1000 20.7 20.7 100 
  41.4 27.6 100 20.7 41.4 100 
  41.4 41.4 100 20.7 62.1 100 
  41.4 55.2 100    
  41.4 68.9 100    
Testing  27.6 13.8 100 34.5 34.5 100 
 27.6 27.6 100 34.5 68.9 100 
  27.6 41.4 100 34.5 103.4 100 
  27.6 55.2 100    
  27.6 68.9 100    
  13.8 13.8 100 68.9 68.9 100 
  13.8 27.6 100 68.9 137.9 100 
  13.8 41.4 100 68.9 206.8 100 
  13.8 55.2 100    
  13.8 68.9 100    
    103.4 68.9 100 
    103.4 103.4 100 
    103.4 206.8 100 
    137.9 103.4 100 
    137.9 137.9 100 
    137.9 275.8 100 
 
 
Table 2.4: Various models relating dσ  to MR 
 
Bilinear model 
dR KAM σ1+=     when did σσ <  
dR KBM σ2+=     when did σσ >  
Thompson and Robnett 
(1976)  
Power model / 
Deviator stress model 
n
dR kM σ=  
 












dR KM σσ=  SHRP in the early 1990’s 
Semilog model 
















R kM σθ=  
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Table 2.5: Correction factors (after Pezo and Hudson , 1994) 
 
 


































Figure 2.4. Relationship between resilient modulus (after 105 reptitions) and repeated deviator stress for 



















Figure 2.6: Relation between MR and w with constant dry density (after Li and Selig, 1994) 










































Figure 2.11: Variation in normalized Young’s modulus with PI for compacted subgrade soils at optimum 






Figure 2.12: Variation of elastic threshold strain with PI of compacted subgrade soils art optimum 










Figure 2.13: Relationships between CBR and resilient modulus for clays (after Brown et al., 1987): (a) 
Keuper marl; (b) Three soils compared with empirical predictions at deviator stress of 40 kPa 
 
 





Figure 2.14: Equipment setup for the alternative test method device for measuring resilient modulus 













































Figure 2.18: Variation of the normalized resilient modulus with the resilient axial strain and the 






Figure 2.19. Paths of moisture content variation (after Li and Selig, 1994): (a) constant dry density; and 
(b) constant compaction effort 
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CHAPTER THREE  
 
EXPERIMENTAL PROGRAM AND PROCEDURES 
 
 
3.0)  Introduction 
 
 A series of laboratory tests were carried out on synthetic soil specimens 
prepared in the laboratory. The tests include compaction tests, triaxial repeated load 
tests and unconfined compression tests. Measurements of matric suction of the test 
specimens are done by means of filter paper method. In this chapter, the details of 
preparation and testing of the compacted specimens are presented; including some 
modifications made to the standard test methods. In addition, the precautions and steps 
taken to ensure repeatability of the tests results are highlighted. 
 
3.1)  Material properties 
 
 Kaolinite, bentonite and sand are mixed in different proportions to form 
different clayey sand specimens. The basic properties of each component are shown in 
Table 3.1.  
 
3.1.1) Mix configurations 
Two types of clayey soil are fabricated in the laboratory: (1) K, mixture of sand 
and kaolinite; (2) B, mixture of sand and bentonite. Each type of clayey soil is further 
divided into five different configurations with clay contents varying from 40% to 80% 
of the specimen weight. Altogether, there are a total of ten different clay sand mix 
configurations which are tabulated in Table 3.2. Under AASHTO soil classification, all 
the samples are classified under A-7-6. Under USCS soil classification, the kaolinite-
sand mixtures are classified as CL while the bentonite-sand mixtures are classified as 
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CH. At sand content of 40%, both kaolinite-sand and bentonite-sand mixtures are 
classified as SC. 
 
3.1.2) Compaction moisture conditions 
Compaction tests are done on each clay sand mix. Based on the compaction 
curve obtained, three soil specimens of different moisture content are prepared for each 
clay-sand mix: (1) optimum moisture content, (2) 3 % wet of optimum and; (3) 3% dry 
of optimum moisture content. The range of moisture contents are chosen to correspond 
to typical moisture content during field compactions. Three replicates are prepared for 
each soil specimen for resilient modulus testing and unconfined compression tests. 
Interpretation of the test results will be based on the average of the three readings. The 
flow chart for the sequence of work is shown in Figure 3.1. 
 
3.2)  Compaction tests 
 
A Hobart mixer (Figure 3.2) is used to mix the soil components for twenty 
minutes, after which the soil is sealed in a plastic bag and stored for at least two days to 
allow the soil moisture content to equilibrate before compaction.  
In view of a large number of compaction to be done, the Marshall apparatus 
(Figure 3.3) as specified in ASTM D1559-89 (1989) has been used to mechanize the 
compaction in the project. Another advantage of using it is that mechanization of the 
process ensures consistent effort to be imparted during the compaction. The soil mix is 
compacted in five layers with modified effort (2700 kNm/m3, D1557-00 (2000)) into a 
mould of height 200 mm and diameter 100 mm, specially fabricated for use with the 
Marshall apparatus. Based on the volume of the mold and weight of the rammer and its 
drop height, each layer is compacted by 48 drops of the rammer to achieve the required 
Chapter Three: Experimental Program and Procedures 
 
 43
energy. The top surface of each layer was lightly scarified before the next layer of soil 
is compacted. 
 After the compaction, the bulk weight of the soil was taken. The compacted soil 
is then extruded using an extruder as shown in Figure 3.4. The extruded soil is then 
measured for water content, from which the dry density of the compacted soil can be 
calculated. At least five points are used to define the compaction curve for each mix 
configuration with at least two points on either side of the maximum dry density.  
 
3.3)  Difficulties faced during the preparation of triaxial specimens 
Triaxial specimens of height 200 mm and diameter 100 mm are prepared for 
resilient modulus test and unconfined compression test. The diameter used satisfies the 
criteria of being at least five times larger than the maximum particle size. Also the 
relatively large size of the compacted specimen can minimized the effect of non-
uniformity of mixes of clay-sand. Several methods of compaction have been performed. 
An account of the problems encountered during specimen preparation is given. This is 
followed, in the next section, by a description of the method of preparation of 
specimens finally adopted for the research. 
 
 
3.3.1) Non uniformity of density profile  
 
Resilient modulus tests were initially carried out on specimens, extruded from 
the mould, compacted during the compaction tests mentioned in section 3.2. These test 
specimens gave rise to resilient test results with large coefficient of variation up to 
35% (Loe, 2004), even though the specimens were similar in soil and water content. 
This can be attributed to the preparation method. In performing the compaction test, 
the amount soil to be compacted for each of the five layers is estimated. Thus, it is 
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unavoidable that specimens with unequal layer thicknesses are obtained.  As such, 
considerable variation in density profile between specimens is expected. 
 Furthermore, even if the same amount of soil is compacted for each layer, 
multiple layer compaction still could not achieve a uniform density profile within the 
specimen. The reason is that the soil at the interface between subsequent soil layers 
tends to be inadequately compacted, regardless of the method of compaction used 
(Low, 1994). This will give rise to a plane of weakness within the specimen which 
might affect the unconfined compression test to be carried out later. In addition, the 
first layer compacted will end up with a higher density as it is subjected to further 
compaction subsequently when the other layers above it are compacted. Thus, for the 
drop hammer method used in the compaction tests, the density will be highest at the 
bottom soil layer, and decreasing up along the height of the specimen. Another 
disadvantage of compaction using a drop hammer is that it is not easy to achieve the 
targeted bulk density of the specimen during compaction because, unlike static 
compaction, the volume into which a weighted amount of soil is compacted cannot be 
controlled. 
AASHTO designation T307-99 suggests performing multiple layer compaction 
using static compaction, starting from the centre layer outwards towards both ends. 
However, this will result in higher density at the centre and lower density towards the 
ends as demonstrated by Baltzer and Irwin (1997) in Figure 3.5. 
 
3.3.2) Sample disturbance caused by extrusion 
It is mentioned in AASHTO T307-99 that extrusion ram be used to extrude the 
specimen after compaction. However, this results in significant disturbance to the 
specimen during extrusion. This is because of the high friction between the wall of 
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mold and the specimen, which is attributed to the high lateral stresses developed during 
compaction.  It is believed that the strength of the specimen will be reduced by the 
disturbance. Furthermore, many specimens extruded crack along the circumference 
near the top where the specimen first exit the mold, as seen in Figure 3.6. Tension 
forces created within the specimen when the specimen is moving against the wall 
friction causes cracking. Lubricant is applied on the wall of minimize the problem, but 
after several experimentation, a split mould is used to overcome the problem. 
 
3.4) Single layer compaction using split mould 
Taking in consideration the problems encountered during the preparation of 
specimens, a single layer compaction using a split mould is finally adopted for the 
research. The split mould is shown in Figure 3.7. Compaction is done in a single layer 
so that there will not be planes of weakness within the specimen. Static compaction is 
used to keep the densities of test specimens within tight tolerances (i.e. well replicated 
specimens). The use of the split mould prevents the need of extrusion and therefore 
reduce sample disturbance.  
 
3.4.1) Two step compaction using split mould 
It is known that top down static compression produces a linear density profile 
with the top end being the densest. This is due to the friction along the wall of the 
mould which prevents uniform compaction across the length of the specimen. To 
reduce the non uniformity of the density profile, the specimen is compacted in two 
steps, compaction from one end and then followed by the other end. 
The weighted amount of soil of known moisture content is placed in the split 
mould in five equal parts, with propping done with a spatula for each part to distribute 
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the soil evenly and to reduce air voids. After all the soil has been placed in the mould, 
the loose height of the soil is measured to obtain the depth of compaction needed to 
achieve the target specimen height of 200 mm. Then static compaction is done first 
from top down for half the compaction depth, followed by turning over the mould and 
compacting the soil from the other end for another half of the compaction depth. The 
load is maintained for five minutes each for compaction at either end of the mould. The 
procedures of the compaction are illustrated in Figure 3.8.  
 
3.4.2) Lining the wall of split mould with paper 
A problem associated with the use of the split mould is that the specimen tends 
to split apart when the split halves of the mould is pulled apart. This is due to the 
specimen being attached to the wall of the mould, even with the application of 
lubricant on the wall. This problem is solved by preventing the contact between the 
wall of the mould and the specimen by means of a thin sheet of paper. The wall of the 
mould is first cleaned followed by an application of a thin coat of grease. Then a sheet 
of A4 size paper is pasted onto the wall of the mould as seen in Figure 3.9. The grease 
functions both as a lubricant to reduce the friction during compaction and as an 
adhesive to hold the paper to the wall of the mould. The paper can be easily peeled off 
from the specimen after it is removed from the split mould. The paper will be crumpled 
after the specimen is compacted. However, this only causes unevenness on the surface, 
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3.4.3) Density gradient and water content profile  
The density gradient test is performed on a kaolinite-sand mixture (50% 
kaolinite prepared at optimum moisture content) to compare the density profiles of 
specimens compacted by the single top down static compaction and the two step static 
compaction. Specimen compacted are cut (by means of electrical saw) into five equal 
pieces of regular dimensions along its length to determine their respective densities. 
This is done seven days after compaction to allow the moisture content to achieve 
equilibrium within the specimen. The bulk weight and water content of each piece is 
taken. The dry density and the water content profiles are presented in Figure 3.10 and 
Figure 3.11 respectively. 
Figure 3.10 shows that the two step compaction method gives a more uniform 
density profile then single step top down compaction method. The largest difference 
between the dry density for each layer and the average dry density is 1.4% for the two 
step method as compared to 5.5% for the single step compaction method.  
Both methods give uniform water content profiles as shown in Figure 3.11, 
with the largest difference between the water content for each layer and the average 
water content less than 0.5%. This shows that the mixing of the clay with water is 
effective. 
 
3.5)  Measurement of matric suction using filter paper 
 The filter paper method is used for matric suction measurement in this project. 
The advantages of the method are its simplicity, its low cost, and its ability to measure 
a wide range of suctions (Leong et al., 2002). 
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3.5.1) Basic concept of filter paper method 
If an initially dry filter paper is placed in intimate contact with a specimen of 
soil and allowed to absorb moisture from the specimen, the two will reach equilibrium 
when the suction in the filter paper is equal to the suction in the soil. After the water 
content of the filter paper is determined, the suction of the soil specimen is obtained 
from a calibration curve of the filter paper water content vs. suction. Many researchers 
have done calibration on different filter papers and derive equations of the calibration 
curves. It has been shown by Leong et al. (2002) that the Whatman No.42 filter paper 
(Figure 3.12) can be used with the ASTM D5298-94 (1994) equations to obtain matric 
suction of the soil via contact method reliably. The two commonly used equations are 
listed in Table 3.3. 
 
3.5.2) Procedures of filter paper method 
After the triaxial specimen is removed from the split mould, it is wrapped in 
rubber membrane by means of a mold jacket attached to a vacuum source (Figure 
3.13). Following that, a 70 mm diameter Whatman 42 filter paper is placed on the top 
and bottom ends, each firmly held in place each by a 100 mm Perspex disc (Figure 
3.14) to foster intimate contact between the filter paper and the soil specimen. Care is 
taken to ensure that the end surfaces of the specimen are smooth and free of debris. 
After seven days is allowed for equilibration, the filter papers were removed and 
weighed. The filter paper is to be weighed to the nearest 0.0001 g.  
To prevent the loss of moisture to the atmosphere during weighing, the filter 
paper is sealed in a zip loc bag (Figure 3.15) immediately after it is removed from the 
specimen.  After weighing, the filter paper is dried in the oven for two hours before 
weighing again in the same zip loc bag. Taking into account the weight of the zip loc 
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bag, the moisture content of the filter paper can then be calculated, from which the 
suction is obtained by using the equation listed in Table 3.3. The procedure is carried 
out for both the top and bottom filter paper and the average of the results are taken.  
 
3.5.3) Precautions 
It is important to ensure that the filter paper is free from soil particles after 
removal from the soil specimen. Any soil particles attached to the filter paper should 
be brushed off quickly before sealing the filter paper in the zip loc bag. If there is still 
soil particles attached once the filter paper is sealed, the measurement should be 
discarded. 
This method has been used for many years at Imperial College and has been 
found to give excellent repeatability. Details of the method are given by Ridley et 
al.(2003).  With care, it is possible to achieve an accuracy of %10±  using this method 
if care is taken (Ridley et al., 2003).   
The resilient modulus test is performed after the filter paper is removed from 
the specimen.  
 
3.6) Repeated load triaxial test 
 
 The UTM-5P (Universal Testing Machine – 5 kN, Pneumatic) by IPC 
(Industrial Controls Limited) is used to perform the resilient modulus or repeated load 
triaxial tests. The triaxial apparatus setup is shown in Figure 3.16. The system also 
includes a Control and Data Acquisition System (CDAS) which provides open loop 
control and feedback control. 
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3.6.1) Standard test procedure for determining the resilient modulus of soils 
 The current research uses the updated standard method of test, AASHTO 
designation: T 307-99 (2003), for the determination of the resilient modulus of the soil 
specimens. The conditioning and test loading sequence are tabulated in Table 2.3. One 
thousand cycles of loading are applied during conditioning. T307 recommends that the 
average of the last five readings (95 to 100th cycles) be taken during the test. For the 
UTM-5P, measurements are only taken once every three cycles. Thus, hundred and 
twenty cycles are applied during testing, in order that the more than hundred cycles are 
applied before the last five readings are taken. A typical test display screen is shown in 
Figure 3.17. 
 
3.6.2) Vertical force generation 
Vertical stress is generated by close loop feedback servo controlled actuator 
capable of accurately applying a loading stress pulse of either a rectangular, haversine, 
or user defined shape.  Apart from a pulse width of 0.1 sec, AASHTO T307-99 
recommends a wave period of 1 sec for hydraulic system and 1 to 3 sec for pneumatic 
system. The difference is due to the compressibility of air and therefore more time is 
required in pneumatic system to “ramp up” for each load cycle. In the current research, 
a 1 sec wave period is used during the conditioning of the specimen while a 2 sec wave 
period is used during the actual testing of the specimen. This reduces the total time 
taken to complete the large number of tests and is within the range recommended by 
AASHTO.  
Precise control of the waveform loading in a closed loop system is done using 
the Proportional-Integral-Derivative (PID) controller. A typical closed loop servo 
system is shown in Figure 3.18. A signal from the transducer which measures the 
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waveform (feedback) is connected to a summing junction within the CDAS enclosure, 
where it is compared with the required input (demand) signal. The difference between 
these two signals (control error) is used to drive the servo valve to regulate the flow of 
air pressure in the direction to minimize the error. Tuning of the PID controller is done 
using the Feedback Controlled Performance Tuning Test module.  
The system also provides continuous adaptive control which continuously 
adjusts the PID settings throughout the test to match the actual and the target loads as 
closely as possible. Figure 3.19 shows the waveform generated at 2 sec wave period. It 
is observed that the waveform generated is consistent and reaches the specified target 
load within the 0.1 pulse period. 
 
3.6.3) Confining stress generation 
Confining stress is generated by an open loop controlled actuator which is 
capable of generating either a static stress, or a rectangular pulsed stress wave shape. 
Compressed air is used as the confining stress medium in this project. This is much 
easier and faster to work with as compared to using water. Electrical signals applied to 
the voltage to pressure converter from the UTM CDAS enable computer controlled 
adjustment of the air pressure over a range zero to 700kPA to be achieved 
 
3.6.4) Axial load measurement  
The external “S” type load cell on the UTM-5P has a span of ± 6 kN, which 
corresponds to a resolution (the smallest step that can be resolved) of approximately 3 
N. However, the electrical noise is around ± 9 N. This is within the range specified by 
T307 (Table 3.4). As a rule, a reasonable signal should be at least 50 times the 
resolution (150 N) 
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The calibration of the load cell is verified by using a 14 kN proving ring as 
shown in Figure 3.20. 
 
3.6.5) Axial deformation measurement 
The deformation of the specimen during the resilient modulus test is measured 
by means of spring-loaded linear variable displacement transducer (LVDT) attached to 
the loading shaft as shown in Figure 3.16.  It has a range of ± 5 mm, which is within 
the range specified by T307 (Table 3.5).  
It has been documented by many researchers that internal deformation 
measurement can avoid several errors that external measurements encounter (Costa 
Filho, 1985; Scholey et al., 1995): (a) effects of end restraint; (b) extraneous 
compression of components other than the test specimen such as porous stone, loading 
platens etc; (c) bedding errors such as poor contact between load cap and specimen end 
surfaces.  
However mounting LVDTs directly on the test specimen is often a difficult and 
time consuming process. Furthermore, the LVDTs mounted on the specimen might slip 
during testing and this may not be observed by the operator. T307 allows the use of 
external measurement. It takes into consideration the issue of productivity. Given the 
large number of specimens to be tested, it is often not worth the cost and time to 
implement internal deformation measurements. 
The calibration of the LVDTs is verified by using a micrometer gauge as shown 








 Several precautions are taken to increase the accuracy and consistency of the 
resilient modulus test: 
(a) the loading rod should be cleaned and coated with lubricant to minimize 
friction through the collar housing the ball bushings; 
(b) the two ends of the test specimen should be leveled, if necessary, by a spatula 
before mounting into the triaxial cell; 
(c) the detachable parts of the triaxial cell and loading frame should be tightly 
fastened e.g. the base platen should be screwed tightly to the base plate; the 
cross head carrying the vertical force actuator should be tightened by turning 
the nuts with a wrench; the “ball” at the end of the loading rod should be 
screwed tightly 
   
3.7)  Unconfined compression test 
 Unconfined compression test is done after resilient modulus testing. It is 
mentioned in the designation that a quick shear test be performed after the resilient 
modulus test to determine the strength of the specimen. However, UTM-5P with a 
maximum axial force of 6 kN is unable to shear some specimens during the quick shear 
test or the unconfined compression test. This applies especially for specimens for 
higher sand content which are stronger. Thus, a separate loading frame with a 50 kN 
proving ring as shown in Figure 3.22, is used to perform the quick shear test. In fact, it 
is suggested by Groeger et al. (2003) that performing the strength test on the resilient 
modulus setup might compromise its accuracy due to the different loading ranges used 
(<0.8 kN for resilient modulus tests and normally 4~6 kN for unconfined compression 
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tests). It is thus recommended that both tests should be done using different 
equipments. 
The unconfined compression test is carried out at a loading rate of 1% 
strain/min.  
  




Table 3.1: Basic properties of constituents in reconstituted samples 
 
 Sand Kaolinite Bentonite 
Liquid Limit, LL (%) - 80 545 
Plastic Limit, PL (%) - 35 70 





Table 3.2: Different configurations of specimens prepared for testing 
 

































































Table 3.3: Calibration for filter paper 
 
Filter paper Range Log10(suction): kPa 





















71 2.2 ± 4.5 
100 8.0 ± 10.0 














71 ± 1 
100 ± 2.5 
152 ± 6 
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                                                  (b) 
Figure 3.2: The Hobart mixer for mixing sand and clay specimens: (a) stainless steel bowl and flat beater 
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Figure 3.5: Density profile in Lyme soil using static compaction on multiple layers from the center to the 










Figure 3.4: Extrusion after compaction
 










































Figure 3.7: Split mould use for the static compaction of specimen for testing 


























Figure 3.8. Compaction of triaxial test specimen: (a) soil is placed in the split mould; (b) loading is 
applied top down to compact the soil; (c) the split mould is turned over, bottom loading plate is 
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Figure 3.9: Lining the wall of the mould with paper       







































































Figure 3.10: Dry density profiles of specimens compacted under (a) two step compaction (1, 2, 3); 
(b) single step compaction (4,5,6) 
Figure 3.11: Water content profiles of specimens compacted under (a) two step compaction (1, 2, 3); 
(b) single step compaction (4,5,6) 
































































Figure 3.12: Whatman 42 filter paper 
Figure 3.13: Mould jacket  





















































Figure 3.14: Filter paper held in contact with specimen by Perspex disc   
Figure 3.15: Filter paper sealed in zip loc bag
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LVDT 










Figure 3.16: Repeated load test triaxial cell setup: (a) photograph of triaxial cell ; (b) diagram of 
triaxial cell 











 Figure 3.18: Typical close loop servo system 
Figure 3.17: Typical test display screen for UTM-5P 












Figure 3.19: Waveform generated at 2s wave period 
Figure 3.20: Verifying calibration of load cell using proving ring 















Figure 3.21. Verifying calibration of LVDT using micrometer gauge 
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CHAPTER FOUR  
 





This chapter presents the tests results from the various experiments which were 
described in the previous chapter. The results are analyzed in an attempt to further our 
understanding on the effects of different clay-sand ratio, compaction to different 
moisture conditions have on the stiffness and strength of two types of sandy clay. 
 
 
4.1) Compaction curves 
 
The compaction curves under modified effort (2700 kNm/m3, ASTM D1557-82) 
are shown in Figure 4.1. For the same clay content, the optimum dry density is the 
highest for kaolinite-sand mixtures and lowest for bentonite-sand mixtures, with 
kaolinite-bentonite-sand mixtures intermediate between the two. The lower density of 
the bentonite-sand mixtures could probably be attributed to the expansive nature of the 
bentonite clay particles, which have an extremely high affinity to water. Bentonite 
particles swell when water is absorbed onto their surfaces. This could also explain why 
the optimum moisture content is higher for bentonite mixtures.   
Water within the soil mixture first acts as a coating around the soil particles, 
holding them closer together, until the optimum moisture content is reached. The 
optimum moisture content is the moisture content beyond which additional water will 
push the soil particles apart. Bentonite clay particles absorbed significantly more water 
than kaolinite before the additional water added starts to act as free water within voids 
to push the clay and sand particles apart.  
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The dry densities of all the clay sand mixtures, prepared at optimum, dry of 
optimum and wet of optimum moisture conditions, with their corresponding water 
content are tabulated in Table 4.1. 
 
 
4.2) Resilient modulus test results 
 
 
4.2.1) Resilient modulus curves for kaolinite sand mixtures 
 
Figure 4.2 (a) and (b) shows the resilient modulus of sand mixed with 80% and 
50% kaolinite respectively. It can be observed that resilient modulus decreases, at a 
decreasing rate, with increasing deviator stress. This stress softening behaviour is 
typical for the rest of the kaolinite sand mixtures and agrees with what most 
researchers have found for the resilient properties of soils.  
The specimen subjected to higher confining stress yields higher MR. The effect 
of confining stress on MR is relatively small as compared to that of deviator stress, 
which is to be expected for clayey soil. Even for 60% sand content, the effect of 
confining stress is still not very significant. This can probably be explained by the fact 
the specimens are compacted under very high stress, much higher than the confining 
stresses used during the resilient modulus tests. 
 
 
4.2.2) Resilient modulus curves for bentonite sand mixtures 
 
Figure 4.3 (a) and (b) show how the resilient modulus varies with deviator 
stress for sand with 70% and 40% bentonite mixtures respectively. Unlike the curves 
for kaolinite sand mix, MR increases with deviator stress after the deviator stress 
increases beyond approximately 35 kPa. This trend, although unusual, has also been 
observed by few researchers (Seed et al., 1962; Zhu and Zaman, 1998). 
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This stiffening effect might be accounted for by the expansive nature of 
bentonite clay particles. As mentioned in the previous section, expansion of clay 
particles gives rise to a lower compacted density as compared to kaolinite mixtures. 
The author believes that the repeated load during resilient modulus testing has a 




4.2.3) Coefficient of variance for readings 
 
The coefficients of variance, COV, of the three readings taken for each mix 
configuration are tabulated in Tables 4.2 and 4.3 for compacted kaolinite sand and 
bentonite sand mixtures respectively. It should be noted that readings at load steps 1, 6 
and 11 tend to give large coefficients of variance.  
During these load steps, the deviatoric stress applied is 13.8 kPa, the lowest of 
the five load steps for every cell pressure applied. This is equivalent to a load of 112N, 
which is lower than 50 times the resolution of the load cell (150N) required to detect a 
reasonable signal, as specified by the manufacturer of the load cell used in the UTM-
5P. The readings at higher loadings show less fluctuation as evidenced by their smaller 
COV.  
Excluding readings from step 1, 6 and 11, the rest of the readings give an 
average COV of 7.55% and 8.14% for respectively for kaolinite sand and bentonite 
sand mixtures. This variance is lower than the anticipated COV of up to 25% suggested 
by Von Quintus and Killingsworth (1998). The results from the compacted bentonite 
sand mixtures gave larger COV because of the difficulty in obtaining a uniform mix 
with bentonite clay. This is because bentonite clay particles tend to stick together, 
forming lumps when added to water.  
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4.2.4) Comparisons of MR models 
 
Three stress-dependent models are applied to describe the relationship between 
the MR and the stress state. They are the deviator stress model, the SHRP model and the 
Uzan-Witczak universal model. The equations for the three models are tabulated in 
Table 2.4.  
The three equations are transformed into linear equations by using logarithm on 
both sides of the equations. Then linear regression analysis is performed in order to 
obtain the coefficients in the equations. Finally the MR for each specimen is 
backcaclculated under each stress condition.  
Table 4.4 summarizes the correlation coefficient (R2) between the measured 
and the calculated resilient modulus for each compacted kaolinite sand specimen. The 
deviator stress model gives the lowest R2 because it did not include the confining stress 
parameter in its equation. The Universal model and the SHRP model both adequate 
model for the resilient modulus of compacted kaolinite sand mixtures with R2 > 96%, 
with the former slightly better than the latter model. 
The three models are unable to describe the resilient modulus behaviour of 
bentonite sand mixtures. This is because depending on their coefficients, these 
equations are either monotonically increasing or decreasing functions, which could not 
model the first decreasing and subsequently increasing MR at higher deviator stress.  
 
4.2.5) Representative σc and σd used for analysis  
 Three dimensional finite element analyses showed that stress on subgrade is 
about 38 kPa for the Rawang-Ipoh high speed track (Sondhi, 2003). A dynamic 
amplification factor, DAF is applied to account for stress amplification in the subgrade 
due to dynamic forces from the train passing above the subgrade. The dynamic 
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amplification factor, DAF, for a train velocity of 160 km/h, recommended by American 
Railway Engineering Association, (AREA, 1996) is 1.94. DAF recommended by 
Eisenmann is 1.34. Taking the intermediate value of 1.63, the magnitude of the 
deviatoric stress is 62 kPa.  
Thus, the representative dσ  is taken as 68.9 kPa and cσ  = 27.6 kPa (1m of 
ballast and sub-ballast: 1*24 kN/m3 = 24.0 kPa) for analysis in the following sections. 
 
4.3) Variation of MR with molding water and clay content 
 
 
4.3.1) Variation of MR for kaolinite sand mixtures 
 
Figure 4.4a shows the plot of the resilient moduli of all the specimens 
compacted at their respective molding water conditions (0 on the abscissa 
corresponding to optimum moisture content) and different clay content. For all the 
kaolinite sand mixtures, regardless of the clay content, the highest MR corresponds to 
their respective optimum moisture content. However, the mixture with 40% kaolinite 
gives the highest MR at water content +1% of the optimum moisture content. 
Figure 4.4b shows the variation of MR with kaolinite content in the specimen. It 
can be seen that, regardless of the moisture condition during compaction, MR increases 
with decreasing clay content. This is expected as mixtures with more sand can be more 
densely compacted, as observed from the compaction curve, which gives rise to a 
higher stiffness. 
 
4.3.2) Variation of MR for bentonite sand mixtures 
 
It can be seen in Figure 4.5a that the variation of MR of the compacted 
bentonite-sand mixtures exhibits a trend different from that of compacted kaolinite-
sand mixture. At higher clay content of 80% and 70% bentonite content, the optimum 
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MR is not at the optimum moisture content. As the clay content decreases, the peak MR 
can be more clearly seen near the optimum moisture content. 
The above trend is similar to what Yuan and Nazarian (2003) found during 
their investigation of the seismic modulus variation with water content for different 
soils. It was found that the difference between the optimum moisture content and the 
moisture content at which the maximum modulus occurs depends on the fine content of 
the mixture. For materials with high clay content, the difference between the two varies 
from 1% for about 15% fine content to about 8% for pure fat clear.  
Thus, for mixtures with 70% and 80% bentonite content, the peak MR could not 
be observed within ± 3% of the optimum moisture content, since it probably lies 
further on the dry side of the chart in Figure 4.5a. Furthermore, there is not much 
variation of MR with water content for the mixtures with 50% or more clay content. 
This agrees with the results of the laboratory experiment conducted by Thompson and 
Robnett (1979) who stated that, soil classification with higher clay contents and 
increased plasticity tend to be less sensitive to the changes in degree of saturation. 
The variation of the MR with clay content is illustrated in Figure 4.5b.  A 
decrease in bentonite content, similar to kaolinite content, generally results in an 
increase in MR. However, unlike the kaolinite-sand mixtures which increase in modulus 
is relatively steady, the rate of increase of the modulus of the bentonite sand mixtures 
is clearly greatest when the bentonite content decrease from 70% to 50%. The change 
in modulus is relatively small when bentonite content changes from 80% to 70% and 
50% to 40%. 
A quick comparison between of the two type of clay-sand shows that the 
bentonite-sand mixtures give higher MR, ranging from 237 MPa at 80% clay content to 
391 MPa at 40% clay content, compared with 57  MPa to 298 MPa for kaolinite-sand 
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mixtures. The higher stiffness of bentonite-sand mixtures despite their lower 
compacted density can be explained by the suction present in the compacted specimens. 
This will be discussed in the following section. 
 
4.4) Effect of suction on the MR and qu  
 
 
4.4.1) Variation of suction with clay content 
 
It can be seen from the Figure 4.6 that the suction in the bentonite sand 
mixtures is very high, ranging from approximately 11000 kPa to 4000 kPa, much 
higher than that of kaolinite-sand mixtures, which ranges approximately from 2000 
kPa to 900 kPa.  
This large suction is typical of bentonite clay which has a high affinity for 
water. Although less densely compacted than kaolinite-sand mixtures, the large suction 
present in bentonite sand mixtures contributed to higher MR.  
Figure 4.6a shows that suction increases with decreasing kaolinite clay content. 
This is due to the mix being more closely packed together as the clay content decreases, 
thereby increasing the ability of the mix to absorb water.  
The opposite trend is illustrated in Figure 4.6b, where it shows that the suction 
decreases as the bentonite content decreases. This could probably be explained by the 
fact that the reduction of bentonite, which is the major source of high suction, reduced 
the ability of the mix to absorb water more than that gained by increased capillarity 
from a larger density at lower bentonite content. Capillarity effect is more important in 
kaolinite-sand mixtures as kaolinite is a low plasticity clay and in itself does not 
contribute to the very large high suction as bentonite does.  
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4.4.2) Variation of unconfined compression strength, qu, with clay content 
 
Figure 4.7a shows that qu increases with the decrease in kaolinite content. This 
is expected as the density and suction of the compacted specimen increase as shown in 
the previous section. 
Due to the higher suction present in bentonite-sand mixtures, they have much 
higher unconfined compression strength than their kaolinite counterparts. Although the 
suction drops with decreasing clay content, qu still shows an increasing trend for mixes 
prepared at dry and optimum moisture conditions. The “optimum” mix shows a 
decreasing rate of increase in strength. This is due to loss in suction as the clay content 
decreases. Thus, an optimum strength is reached at about 50% clay content. The “dry” 
mix gained strength at a steady rate. In this case, the loss in suction with decreasing 
clay content is probably less significant since the suction developed in the dry mixes is 
already extremely high.  
The mixtures prepared wet of optimum moisture content shows a decreasing 
trend of qu with decreasing bentonite content. This is rather unusual as their stiffness 
increases along the same range of clay content as can be seen in Figure 4.5 (b). This 
decrease in strength may be caused by plane of weakness developed within the soil 
specimens during compaction which caused premature failure during the unconfined 
compression test. 
 
4.5) Summary of variation of MR  and qu 
The above discussion shows that variation of MR and qu of the compacted 
specimen is dependent on both the density and suction present in the specimen. These 
two factors may work simultaneously to influence the MR and qu of the compacted 
specimens. 
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4.5.1) Variation of MR and qu 
 
A higher MR from less dense bentonite sand mixtures clearly shows that density 
alone is not the only contributing factor to the resiliency of a material. The lower 
density of the compacted bentonite clay sand mixtures is more than made up for by its 
high suction. As for bentonite sand mixtures, MR increases with decreasing clay 
content although suction decreases with decreasing clay content.  
This seeming contradiction can be explained by the magnitude of the difference 
in suction caused by using a different clay material and that caused by changing the 
clay percentage. The difference in suction between the bentonite-sand mixtures and 
kaolinite-sand mixtures, both prepared at optimum moisture content, are approximately 
5000 kPa on average. However, for bentonite-sand mixture, the decrease in suction for 
every 10% drop in bentonite content is only approximately 800 kPa on average. Thus, 
the increase in density for bentonite-sand mixtures, as bentonite content decreases has 
a bigger effect on MR than the drop in suction. 
However, it is noticed that as bentonite content decreases from 50% to 40% in 
figure 4.5b, MR shows a slight decrease for compacted bentonite sand specimens at wet 
and optimum moisture content. This is most likely due to the fact that suction has 
dropped too low for the increase in density to cause a further increase in MR. The 
increase in MR is straightforward for the case of kaolinite-sand mixtures (Figure 4.4b) 
as both the suction and density increase with decreasing clay content.  
Similar to the variation of MR for kaolinite-sand mixtures, the variation of their 
qu is straightforward. For bentonite-sand mixtures, the explanation for the variation of 
its qu generally follows the same argument for that of its MR.  
 
 
Chapter Four: Results and Discussion 
 
 78
4.5.2) Surface plot for MR as a function of dry density and suction 
The surface plot for the MR against both suction and dry density of the 
compacted mixture for kaolinite sand and bentonite sand mixtures are shown in Figure 
4.8 (R2 = 0.94) and Figure 4.9 (R2 = 0.74) respectively. The equation of the surface 
used is: 
32 )(ln)(lnlnln SeSdScbaM dR ++++= γ  (4.1) 
where: 
a,b,c,d,e = coefficients depending on soil type 
S          = suction (kPa) 
γd = dry density (kg/m3) 
 It can be seen for both surfaces that, for a material of constant dry density, its 
MR rises sharply with an initial increase in suction. A peak value is reached beyond 
which, further increase in suction results in a decrease in MR. The peak MR is 
approximately 1000 kPa for kaolinite-sand mix and 5000 kPa for bentonite-sand mix. 
For the bentonite-sand mixture, MR starts to rise again at very high suction. The peak 
MR corresponds to a critical suction, which magnitude depends on the plasticity of the 
material tested. This behaviour agrees with the experimental results of Motan and Edil 
(1982), who studied the resilient properties of different clay mixtures over a large 
range of suction.  
Suction is largely due to the matric suction in the form of surface tension force 
at the air-water interface, being likened to the contractile skin by Fredlund and 
Rahardjo (1993). This air-water interface acts like a rubber membrane, pulling the 
particles together, thus increasing the stiffness of the soil. However, increasing suction 
beyond the critical level is believed to leave some relatively large pores free of water 
and easier to deform, but elastically, because of the increasing integrity of the soil 
structure under increasing suction (Motan and Edil, 1982).  
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At very high suction, MR may start to rise, as can be seen in the surface plot for 
bentonite sand mixture. Motan and Edil (1982) observed and explained this trend for 
oven dried tested samples in their experiments, as the eventual development of particle 
to particle bond beyond a certain suction level which results in a stiff soil structure. In 
the current research, MR starts to rise again for suction more than 9000 kPa. 
 
4.5.3) Specimens prepared at different moisture conditions 
 
Suction is the highest for specimens prepared at moisture content dry of 
optimum. However, for both type of specimens, the MR and qu are the highest for 
specimens prepared at optimum moisture content because they have the highest 
densities. The “dry” specimens have approximately the same dry densities but a much 
higher suction as compared to their “wet” counterparts. Thus, generally, the dry 
specimens would have a higher stiffness and strength compared to the “wet” specimens. 
 
4.6) Optimum mix proportions 
In view of the results obtained in the previous sections, there exist an optimum 
clay content within which the subgrade will has the highest strength and stiffness. 
 
4.6.1) Optimum mix for kaolinite-sand  
Within the range of the clay content tested, it is observed from Figure 4.4a and 
Figure 4.7a that both the stiffness and strength of the compacted kaolinite sand 
mixtures increase with decreasing clay content. Therefore, the performance of the mix 
for use as a subgrade would be optimum at a clay content of 40%. 
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4.6.2) Optimum mix for bentonite-sand  
For compacted specimens prepared at optimum water content, the MR and qu are 
both largest at 50% clay content. In order to have an optimum performance in terms 
stiffness and load bearing capacity, the subgrade should have a clay content at 50%.  
 
4.7) Strength-stiffness relationship for soil specimens 
Stiffness of a soil is difficult parameter to determine. As such, many attempts 
have been made in the past to correlate the strength and stiffness of a soil. Strength 
tests are simpler and can be perform on a routine basis. They include CBR test, quick 
shear test and unconfined compression tests, among many others. Some of the 
correlations have been highlighted in CHAPTER TWO. However, it is often difficult 
to get simple correlations for field samples due to widely varying soil conditions and 
content.  
In the following section, test results of experiments conducted on field 
specimens are shown, followed by the results of the current research, obtained by 
means of carefully controlled experiments.  
 
4.7.1) Rawang-Ipoh: Double track railway project  
Soil samples were collected at various locations along the Electrified Double 
Track Train Route between Rawang and Ipoh, Malaysia. The samples taken, which 
include block samples and tube samples, were waxed and sent to the National 
University of Singapore for testing. The tests conducted were grain size, CBR and 
cyclic triaxial (ASTM 3999) tests and unconsolidated undrained tests. The cyclic 
triaxial tests were conducted at confining pressure of 20 kPa and a deviator stress of 72 
kPa, by applying a sinusoidal loading wave at frequency of 1 Hz. The resilient 
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modulus was taken at the end 10000 cycles. The specimen was sheared undrained at a 
confining pressure of 20 kPa.  
Most of the samples taken are clayey soil samples with clay content more than 
40%. The graphs of resilient modulus vs. undrained shear strength, cu and CBR are 
shown in Figure 4.10 and Figure 4.11 respectively. No clear correlation can be seen 
between the resilient modulus and undrained shear strength or CBR, as evident from 
large scatter of data points on both the graphs. Samples taken from the field varies 
widely in both soil content and moisture conditions. Thus, a simple correlation 
between the soil strength and stiffness is not readily available. 
By means of carefully controlled experiments carried out in the laboratory, 
correlations between strength and stiffness of soil are more clearly observed. It is 
found that fabric effect, suction and plasticity index of the soil are important 
parameters affecting the strength-stiffness relationship of soil. 
 
4.7.2) Importance of fabric effects on strength-stiffness relationship 
  The experimental data for kaolinite sand mix and bentonite sand mix are 
plotted in Figure 4.12 and 4.13 respectively. Each graph carries 45 data points. 
However, good correlations between MR and qu for both the soil mixtures are not found. 
 Next, the data of each type of clay content are plotted according to the 
percentage of clay content present in the mix. Figure 4.14 (a to e) shows the MR vs. qu 
plots for kaolinite-sand mix from 80% to 40% clay content. Likewise, Figure 4.15 (a to 
e) shows the plots for the bentonite-sand mix. Again, it is observed that generally, the 
plots do not give good correlations. Except for kaolinite sand mix with 80 to 60% clay 
content and bentonite sand mix with 40% clay content, which MR vs. qu plots yield R2 
greater than 0.7, the plots for the rest of the mixtures gave R2 less than 0.5.  
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 The lack of correlation even when the same soil is used can be attributed to the 
different soil fabrics created under different compaction moisture content. At the same 
compactive effort, with increasing water content, the soil fabric becomes increasingly 
oriented. The soils are always flocculated dry of optimum whereas they become more 
oriented or dispersed wet of optimum (Holtz and Kovacs, 1981). This illustrated the 
importance of fabric effects on the relationship between strength and stiffness of soil.  
To ascertain the importance of fabric effects, the graphs are plotted in Figure 
4.16 a, b and c for specimens prepared at dry, optimum and wet compaction moisture 
conditions respectively. It can be seen clearly that reasonably good correlations (R2 > 
0.70) can be seen between MR and qu when the experimental results are plotted 
according to the specimen compaction moisture conditions. Thus the strength stiffness-
relationship of soil should only be investigated with respect to a particular compaction 
moisture condition, either on the wet side, the dry side or the optimum water content, 
because of fabric effects. 
 
4.7.3) Importance of suction and plasticity index on strength-stiffness 
relationship 
 
It is observed that all the trend lines plotted do not cross the origin. This is due 
to the suction developed in the soil mixes. In Figure 4.16, the data points for kaolinite 
sand mix and bentonite sand mix specimens are separated into two distinct groups. The 
much higher suction developed within the bentonite sand specimens is reflected in the 
higher x-intercept of its trend line. Both groups of soil are similarly classified as A-7-6 
under AASHTO. However, the plasticity of bentonite is much higher than kaolinite. 
Thus, the scatter in the data of the soil can be reduced by normalizing the strength of 
the soil with a parameter related to the plasticity index of the soil tested. 
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In light of the above discussion, it is not surprising that strength and stiffness 
measurements of field specimens do not give good correlations. Firstly, field 
compaction at various chainages does not necessary result in the same fabric, either 
due to compaction moisture conditions or compaction method. This also illustrates the 
importance for laboratory prepared specimens to reproduce the fabric in the soil 
compacted in the field in order that strength-stiffness relationships derived in the 
laboratory can be used for applications in the field. Secondly, suction within the 
compacted soil may be widely varying due to the presence of clay content of different 
plasticity within the soil and also due to weathering effects of drying and wetting in the 
field. 
CBR test has been widely used as a means of estimating the adequacy of 
subgrade resiliency to transport loadings. However, in order that routine strength tests 
can be used to correlate to stiffness of a soil, suction of the soil should be taken into 
account. From Figure 4.10, Figure 4.16(a, b), it can be seen that, though a more plastic 
clay might have the same strength as a less plastic clay, it can be less stiff. If stiffness 
of a high plasticity soil is estimated based on a stiffness-strength correlation without 
normalizing the suction due to high plasticity, there occurs a possibility that the 
stiffness of the soil might be overestimated. Thus, suction measurement is important, 
especially for unsaturated compacted soil, in order that the strength-stiffness 
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Table 4.1: Dry densities and moisture content of all compacted specimen at different moisture conditions  
 
 Dry Density / Water Content 
(kN/m3 / %) 
Clay % 80  70  60  50  40 
Clay 





























































































































































 B: Bentonite 
 K: Kaolinite 













Table 4.2: Coefficient of variance for three MR values obtained for each mix configuration of kaolinite-sand mixtures 
 


































                
 80%                               
wet 8.50 7.65 6.49 4.25 4.82 8.66 6.18 6.53 4.95 4.61 7.19 6.28 5.84 4.72 4.63 
opt 22.32 17.24 13.15 12.17 10.42 18.02 14.13 12.98 12.30 10.49 16.95 11.34 12.31 11.63 9.71 
dry 4.11 6.56 4.28 3.35 0.69 6.99 5.30 5.11 2.96 0.73 5.72 5.95 3.64 2.56 1.40 
                 
70%                
wet 2.84 2.97 3.77 2.76 4.30 2.90 2.79 2.98 4.14 4.26 3.90 7.62 8.66 5.96 6.70 
opt 19.66 14.95 13.75 14.87 15.92 17.11 15.68 15.20 15.36 15.42 17.01 15.38 14.03 15.37 15.12 
dry 6.30 3.47 3.81 5.35 6.45 3.74 1.18 1.96 4.43 5.89 3.07 0.88 1.59 2.77 3.45 
                 
60%                
wet 10.74 9.68 9.36 8.23 8.99 6.74 8.86 8.07 8.29 8.37 1.32 5.94 7.93 7.10 7.70 
opt 17.12 14.11 12.43 11.93 10.76 14.96 14.70 12.59 10.45 10.27 10.27 9.84 8.85 8.82 8.11 
dry 5.81 1.19 3.37 4.88 6.59 3.27 3.66 3.79 6.25 6.67 3.53 6.45 6.30 7.52 6.18 
                 
50%                
wet 1.75 5.09 1.54 2.42 1.41 4.24 5.31 3.27 1.93 2.25 10.25 7.94 3.81 3.51 0.98 
opt 11.30 6.26 7.13 7.30 7.25 11.14 7.68 6.62 6.84 7.17 10.49 8.53 6.36 6.23 7.57 
dry 8.88 11.69 13.53 11.54 10.82 11.84 10.73 11.08 10.75 11.03 13.82 9.60 9.68 9.88 9.87 
                 
40%                
wet 10.77 9.66 11.37 10.54 11.22 13.02 12.18 13.33 11.98 11.77 15.26 13.24 13.33 12.72 12.02 
opt 6.49 5.29 4.68 5.88 7.32 10.19 5.43 4.35 5.00 5.08 11.91 5.64 4.32 5.00 5.53 
dry 4.19 7.40 6.82 5.86 4.77 3.64 3.94 5.05 5.94 6.18 4.94 3.76 4.29 5.95 6.35 




Table 4.3: Coefficient of variance for three MR values obtained for each mix configuration of bentonite-sand mixtures 
 



































                
80%                
wet 12.26 8.54 8.33 7.81 6.77 10.33 6.84 6.82 6.31 5.90 11.23 7.35 7.25 6.92 6.30 
opt 26.87 3.34 7.33 7.50 6.04 30.84 2.85 5.29 6.35 5.87 29.44 3.41 5.78 6.35 5.96 
dry 7.25 5.56 6.10 7.23 8.17 6.08 6.14 7.99 6.27 7.46 7.51 4.16 5.14 6.20 7.25 
                
70%                
wet 17.54 5.99 3.49 2.72 1.69 11.53 6.21 8.00 6.70 5.86 14.82 13.66 13.38 11.00 9.28 
opt 18.23 13.25 7.89 7.62 8.40 18.35 11.34 8.11 7.82 8.90 19.04 11.62 8.86 8.27 8.43 
dry 3.37 5.97 5.27 4.68 3.72 2.54 5.79 5.26 3.91 3.32 2.80 2.67 2.70 2.57 2.65 
                
60%                
wet 2.53 5.26 5.72 5.12 4.65 5.25 5.09 3.64 3.22 2.63 5.90 3.43 1.91 2.90 0.97 
opt 22.19 12.24 11.56 10.62 11.04 14.67 7.40 8.71 7.22 5.12 5.77 5.86 5.20 4.33 3.32 
dry 13.97 13.44 9.96 10.66 8.64 19.14 15.00 9.51 9.78 8.31 17.49 13.49 11.38 11.35 11.06 
                
50%                
wet 10.24 9.47 10.27 10.12 8.06 8.77 10.76 11.00 9.65 8.21 5.80 11.41 9.71 9.06 7.81 
opt 27.86 12.93 10.56 10.24 12.10 28.24 15.85 12.71 14.11 10.75 22.00 15.03 14.67 15.48 12.72 
dry 6.14 9.23 8.90 10.33 11.27 11.03 10.82 9.55 10.77 11.40 13.64 11.28 11.05 13.36 12.78 
                
40%                
wet 19.46 8.20 6.43 5.82 5.41 18.44 8.25 7.17 6.23 6.85 18.06 8.63 6.20 6.56 5.77 
opt 16.46 11.35 7.90 7.19 5.71 14.93 10.75 8.87 7.34 5.58 12.97 13.73 9.54 7.39 6.26 
dry 19.79 15.44 11.88 12.52 12.07 12.55 14.08 13.02 10.52 12.06 10.53 10.33 8.42 6.35 6.22 




Table 4.4: R2 of different constitutive models used in obtaining MR by fitting of measured data points  
 
      R2(%)         
























 Wet 93.63 96.24 96.40  94.19 96.97 97.23  94.99 97.89 98.07 
80% Opt 94.65 99.05 99.40  96.33 98.82 98.56  94.86 99.62 99.31 
 Dry 95.77 98.46 98.26  95.60 99.00 98.82  93.42 97.56 98.00 
             
 Wet 96.43 98.84 98.54  92.73 97.30 97.07  96.28 98.63 98.57 
70% Opt 91.50 97.79 98.11  86.18 97.62 97.63  94.04 99.31 99.20 
 Dry 90.30 99.56 99.73  96.21 99.28 99.07  96.94 99.49 99.31 
             
 Wet 94.62 98.62 98.80  97.77 99.73 99.72  90.86 97.84 98.24 
60% Opt 89.32 99.02 99.03  84.31 99.12 99.45  94.54 99.05 99.07 
 Dry 90.46 99.17 98.69  89.84 98.18 98.30  85.07 98.82 98.86 
             
 Wet 93.37 98.90 99.30  92.79 97.97 98.73  98.43 99.78 99.75 
50% Opt 93.62 98.28 98.34  93.00 99.13 99.74  88.42 96.09 96.68 
 Dry 89.93 97.02 97.86  86.98 97.26 97.04  88.42 98.53 99.40 
             
 Wet 93.27 97.43 96.65  95.78 98.38 98.70  84.62 97.07 96.47 
40% Opt 89.83 98.38 99.44  63.78 96.22 97.72  91.74 97.71 98.43 
 Dry 89.13 96.49 97.88  93.59 96.44 96.88  90.51 98.08 98.81 
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Figure 4.1: Compaction curves at modified Proctor effort for, (a) kaolinite sand mixtures; (b) bentonite 
sand mixtures; (c) bentonite kaolinite sand mixtures 
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Figure 4.3: Resilient modulus vs. deviator stress for mixtures of sand with (a) 70% bentonite; (b) 40% 
bentonite 
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  Note: each data point is the average MR for three replicated specimens 
(b) 
 
Figure 4.4: Variation of MR for kaolinite sand mixture with (a) different compaction water content; (b) 
different clay content 
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Note: each data point is the average MR for three replicated specimens 
(b) 
 
Figure 4.5: Variation of MR for bentonite sand mixture with (a) different compaction water content; (b) 
different clay content  
 
 























Note: each data point is the average MR for three replicated specimens 
(a) 
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Note: each data point is the average MR for three replicated specimens 
(b) 
 
Figure 4.6: Variation of suction for different percentage of, (a) kaolinite; (b) bentonite 
 
 























Note: each data point is the average MR for three replicated specimens 
(a) 
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Note: each data point is the average MR for three replicated specimens 
(b) 
 


































Mr = F(suction,density) Kaolinite sand mix
Rank 232  Eqn 83  z=a+blnx+clny+d(lny)^2+e(lny)^3
r^2=0.94380864  DF Adj r^2=0.93660462  FitStdErr=19.14641  Fstat=167.96331
a=-112645.39 b=906.38499 c=43193.555 
d=-5850.3516 e=263.49503 
 
Figure 4.8: Surface plot of variation of MR with suction and dry density for kaolinite sand mixtures 










































surface.xls : (3)Bentonite , density, suction, Mr
Rank 248  Eqn 83  z=a+blnx+clny+d(lny)^2+e(lny)^3
r^2=0.74682527  DF Adj r^2=0.71436697  FitStdErr=31.898199  Fstat=29.498413
a=-132709.88 b=687.92499 c=43971.717 
d=-5035.1319 e=192.10102 
 









Figure 4.10: Comparison of strength and resilient modulus measured in cyclic triaxial tests (after Tan 





































Figure 4.12: MR vs. qu plot for kaolinite-sand mix specimens 
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Figure 4.14: MR vs. qu at MR vs. qu at (a) 80%; (b) 70%; (c) 60%; (d) 50%; (e) 40% 
                     kaolinite content  
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Figure 4.15: MR vs. qu at (a) 80%; (b) 70%; (c) 60%; (d) 50%; (e) 40%  
                    bentonite content 







































































































Figure 4.16: MR vs. qu for specimens prepared at (a) dry; (b) optimum; (c) wet conditions 





CONCLUSION AND RECOMMENDATION 
 
 
The changes in resilient behaviour and strength of a number of compacted soil 
specimens as a function of matric suction and dry density have been investigated. 
Matric suction and dry density are varied by preparing specimens from mixing sand 
with clay of different amount and plasticity, compacted under three different moisture 
conditions, i.e. dry, optimum and wet conditions. The following conclusions can be 
made from evaluation of the experimental data: 
1. A two step single layer compaction method has been used in preparation 
of the specimen. It is found that the method resulted in a more uniform dry density than 
compaction in multiple layers as recommended in AASHTO T307-99 or a single layer 
top-down compaction method.  
2. In addition to dry density, suction developed within the compacted 
specimens contributes significantly to their strength and stiffness. This is reflected in 
bentonite-sand specimens, being stronger and stiffer than their kaolinite counterparts 
although they are less dense. The higher suction contributing to a higher strength and 
stiffness is derived from the bentonite clay which has a much higher plasticity index. 
3. Suction increases for kaolinite-sand mixtures with decreasing kaolinite 
content. This explained by the increasing density of the specimens being able to attract 
more water through their smaller voids. Suction for bentonite-sand mixes decreases 
with decreasing bentonite content although their densities increase. The capillarity 
effect is not as significant here as bentonite clay is the main contributor to high suction 
within the compacted specimen. 
4. Apart for the bentonite sand mix prepared compacted in “wet” condition, 
the strength and stiffness of the mix generally increase with decreasing clay content for 
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both kaolinite and bentonite-sand mixtures. The “wet” bentonite-sand mixtures gained 
stiffness but showed a drop in strength with decreasing clay content. The loss in 
strength might be a result of premature failure during the unconfined compression 
testing. 
5. By plotting the surface of suction and dry density against resilient 
modulus, it can be seen that, at a constant dry density, there exist a critical suction level 
at which the specimen reach a peak stiffness. This agrees with the experimental results 
by Motan and Edil (1982). 
6. A compacted soil should be studied with respect to its compaction 
moisture condition. This is because different fabrics created under different 
compaction moisture content affect the strength-stiffness behaviour of the soil. 
7. The strengthening effect of suction should be taken into account when 
investigating the strength-stiffness relationship of a soil i.e. high strength gained 
through suction does not necessarily translate to additional resilient modulus. 
 
The research has been carried out on only one clayey soil classification, A-7-6 
(AASHTO). This is to limit the variation in soil properties due to change in soil 
classification. Given more time, future research can be carried out to investigate the 
resilient properties of other soil classifications.  
Matric suction in the soil has been shown to contribute to stiffness and strength 
of the soil. However, suction is lost when the soil absorbs water. This occurs in the 
field through water infiltration during rainfall. Thus, it will be useful for future 
researchers to investigate how the resilient and strength behaviour of compacted soil 
specimens change under the effect of water infiltration. 
Chapter Five: Conclusion and Recommendation 
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It is recognized that the load frequency, load duration and rest period for train 
loading is different from that of highway loading. By means of the UTM-5P, it would 
be interesting for future researchers to perform the laboratory tests again by subjecting 
the test specimen to different loading waveform and comparing the results. In 
particular, a rectangular waveform with a longer rest period would seem to fit a train 
loading pattern more accurately.  
Lastly, future researchers should perform a load analysis to identify the 
subgrade stress and strain level under train loading. A theoretical or finite element 







Alavi, S., Merport, T., Wilson, T., Groeger, J., Lopez, A., (1997), “LTPP Materials 
Characterization Program: Resilient Modulus of Unbound Materials (LTPP Protocol 
P46) Laboratory Startup and Quality Control Procedure,” Report No. FHWA-RD-96-
176, U.S. Department of Transportation, Federal Highway Administration, Mclean, 
Virginia. 
 
ASTM D1559-89, (1989), “Test Method for Resistance of Plastic Flow of Bituminous 
Mixtures Using Marshall Apparatus”  
ASTM D1557-00, (2000), “Standard Test Methods for Laboratory Compaction 
Characteristics of Soil Using Modified Effort (56,000 ft-lbf/ft3(2,700 kN-m/m3))” 
ASTM D5298-94, (1994), “Standard Test Method for Measurement of Soil Potential 
(Suction) Using Filter Paper” 
Baltzer, S. and Irwin, L. H., (1997), “Specimen preparation and repeated triaxial 
testing of subgrade soils.” Eight International Conference on Asphalt Pavement, 
Seattle, USA, 21-31. 
 
Boudreau , R. L., Wang, J., (2003), “Resilient Modulus Test – Triaxial Cell 
Interaction.”  Resilient Modulus Testing for Pavement Components, West 
Conshohocken, PA, ASTM STP 1437 
 
Boudreau, R. L., (2003), “Repeatability of the Resilient Modulus Test Procedure.” 
Resilient Modulus Testing for Pavement Components, West Conshohocken, PA, 
ASTM STP 1437 
 
Brown, S. F., (1996), “Soil Mechanics in Pavement Engineering.” Geotechnique, 
46(3), 383-426. 
 
Brown, S. F., Lashine, A. K. F., and Hyde, A. F. L., (1975), “Repeated Load Triaxial 
Testing of a Silty Clay.” Geotechnique, 25(1), 95-114 
 
Brown, S. F., Loach, S. C., and O’ Reilly, M. P., (1987), “Repeated Loading on Fine 
Grained Soils.”, Contractor Report 72, Transportation Research Laboratory. 
 
Brown, S. F., O’ Reilly, M. P. and Loach, S. C., (1990), “The Relationship between 
California Bearing Ratio and Elastic Stiffness for Recompacted Clays.” Ground 
Engineering, 27-31 
 
Brown, S. F., O’Reilly, M.P. and Loach, S. C. (1990), “The Relationship between 
California Bearing Ratio and Elastic Stiffness for Compacted Clays.” Ground 
Engineering, 23 (8), 27-31. 
 
 107
Costa Filho, L. M., (1985), “Measurement of Axial Strain in Triaxial Tests.” 
Geotechnical Testing Journal, Vol. (8), No. 1, 3-13. 
 
Dawson, A. R., and Gomes Correia, A. (1993), “The Effects of Subgrade Clay 
Condition on the Structural Behaviour of Roads Pavements.” Flexible Pavements, 
Balkema, 113-119. 
 
Dehlen, G. C., and Monismith, C. L., (1970), “Effect of Non Linear Behaviour of  
Pavements under Traffic.” Highway Research Record, No. 310, Highway Research 
Board, Washington DC, 1-16. 
 
Drumm, E. C., Baoteng-Poku, Y., and Pierce, T. J., (1990), “Estimation of Subgrade 
Resilient Modulus from Standard Tests.” Journal of Geotechnical Engineering, ASCE, 
116(5), 774-789. 
 
Drumm, E. C., Li, Z. Z., Reeves, S. J., Madgett, M. R., (1996), “Alternative Test 
Method for Resilient Modulus of Fined-Grained Subgrades.” Geotechnical Testing 
Journal, ASTM, 19(2), 141-154 
 
Edil, T. B., and Motan, S. E., (1979), “Soil-Water Potential and Resilient Modulus 
Behaviour of Subgrade Soils.”, Transportation Research Board, No. 705, Washington 
D.C., 54-62. 
 
Fischer, T., (2001), “The Great Railway Revival (in China, Australia).” Business Asia. 
 
Fredlund, D. G., Bergan, A. T., and Sauer, E. K., (1975), “Deformation Characteristics 
of Subgrade Soils for Highway and Runways in Northern Environments.” Canadian 
Geotechnical Journal, 12(2), 213-223. 
 
Fredlund, D. G., and Rahardjo, H., (1993), “Soil Mechanics for Unsaturated Soils.” 
John Wiley and sons, Inc. 
 
Galjaard, P. J., Paute, J.-L., Dawson, A. R., (1993), “Comparison and Performance of 
Repeated Load Triaxial Test Equipment for Unbound Granular Material.” Proceedings 
of the European Symposium Euroflex, Lisbon/ Portugal. 
 
Groeger, J. L., Rada, G. R., and Lopez, A. (2003), “AASHTO T307 – Background and 
discussion.” Resilient Modulus Testing for Pavement Components, ASTM STP 1437, 
16-29. 
 
Heuklelom, W., and Klomp, A. J. G., (1962), “Dynamic Testing as a Means of 
Controlling Pavements During and After Construction.” Proceedings, 1st Int. Conf. on 
Struct. Des. Of Asphalt Pavement, University of Michigan, Ann Arbor, Mich., 667-679  
 
Hornych, P., Gomes Correia, A., Gillett, S., (1993), “Equipment and Procedures for 
Triaxial Testing of Subgrade Soils.” Proceedings of the European Symposium 
Euroflex, Lisbon/ Portugal. 
 
 108
Kim, D. S., Kweon, G. C., Lee, K. H., (2001), “Alternative Method of Determining 
Resilient Modulus of Subgrade Soils Using a Static Triaxial Test.” Canadian 
Geotechnical Journal, 38, 107-116 
 
Kim, D. S. and Stokoe, K. H., (1992), “Characterization of Resilient Modulus of 
Compacted Soils Using Resonant Columns and Torsional Shear Tests.” Transportation 
Research Record, 1369, 83-91 
 
Lee, W. J., Altschaeffl, B. A. G., White, T. D., (1995), “Resilient Modulus of Cohesive 
Soil.” Journal of Geotechnical and Geoenvironmental Engineering, ASCE, 123(2), 
131-136 
Leong, E. C., He, L. and Rahardjo, H., (2002), “Factors Affecting the Filter Paper 
Method for Total and Matric Suction Measurements.” Journal of Geotechnical 
Engineering, 25(3), 1-12 
 
Lenker, S. E. (1992), Final Report on the Analysis of Data Received from an 
Interlaboratory Study on the Proposed Method for Resilient Modulus of Subgrade Soils 
and Untreated Base/Subbase Materials, Prepared for the AASHTO Highway 
Subcommittee on Materials Technical Section 1b: Engineering Geology, Structural 
Soils, Soil Practices. 
 
Li, D. Q., Seliq, E. T., (1994), “Resilient Modulus for Fine-Grained Subgrade Soil.” 
Journal of Geotechnical Engineering, ASCE, 120 (6), 939-957. 
 
Li, D. (1994), “Railway track granular layer thickness design based on subgrade 
performance under repeated loading,” PhD dissertation, Department of Civil 
Engineering, University of Massachusetts, Amherst, Mass. 
 
Li, D. and Selig, E. T., (1996), “Cummulative Plastic Deformation for Fine-Grained 
Subgrade Soils.” Journal of Geotechnical Engineering, ASCE, Vol 122(12), 1006-1013.  
 
Li, D. and Selig, E. T., (1998), “Method for Railway Track Foundation Design. I: 
Design.” Journal of Geotechnical and Geoenvironmental Engineering, ASCE, 316-322 
 
Loach, S. C., (1987), “Repeated Loading of Fined Grained Soils for Pavement 
Design”, PhD Thesis, University of Nottingham. 
 
H. S. Loe, (2004), “Evaluation of Resilient Modulus of Subgrade Soils for Railway 
Tracks.” B.Eng Thesis, National University of Singapore. 
 
Low, B. H. (1994), “Laboratory Characterization of Bituminous Mixtures for 
Pavement.” PhD Thesis, National University of Singapore. 
 
Lowe, M. D., (1994), “Back on Track: The Global Rail Revival.” World Watch (118). 
 
Monismith, C. L., (1989), “Resilient Modulus Testing: Interpretation of Laboratory 
Results for Design Purposes,” Proceedings of the Workshop on Resilient Modulus 
Testing, Oregon State University, Corvallis, Oregon. 
 
 109
Moossazadeh, J., and Witczak, M. W., (1981), “Prediction of Subgrade Moduli for Soil 
that Exhibits Non Linear Behaviour.” Transportation Research Record, No. 810, 9-17 
  
Motan, E. S. and Edil, T. B., (1982), “Repetitive-Load Behaviour of Unsaturated 
Soils.” Transportation Research Record, No. 872, 41-48 
 
Pezo, R., (1991), “Development of a reliable Resilient Modulus Test for Subgrade and 
Non Granular Subbase Materials for Use in Routine Pavement Design.” Ph.D. 
Dissertation, University of Texas at Austin, 1991.  
 
Pezo, R., and Hudson, W. R., (1994), “Prediction Model of Resilient Modulus for Non 
Granular Materials.” Geotechnical Testing Journal, 17(3), 349-355 
 
Ping, W. V., Xiong, W. X., Yang, Z. H., (2003) “Implementing Resilient Modulus Test 
for Design of Pavement Structures in Florida”, Research Report No.: 
FL/DOT/RMC/BC-352-6(F), Florida State University. 
 
Ramberg, W. and Osgood, W. R., “Description of Stress Strain Curves by the Three 
Parameters.” Technical Note 902, National Advisory Committee for Aeronautics, 
Washington, D. C., 1943. 
 
Ridley, A. M., Dineen , K., Burland, J. B. and Vaughan, P. R., (2003), “Soil Matrix 
Suction: Some Examples of its Measurement and Application in Geotechnical 
Engineering.” Geotechnique, 53(2), 241-253 
 
Robnett, Q. L., Thompson, M. R., (1993), “Interim Report – Resilient Properties of 
Subgrade Soils – Phase 1 – Development of Testing Procedure.” Transportation 
Engineering Series, No. 5, Illinois Cooperative Highway Research Program Series No. 
139, University of Illinois, Urbana, Illinois. 
 
Scholey, G. K., Frost, J. D., Lo Presti, D. C. F. and Jamiolkowski, M., (1995), “A 
Review on Instrumentation for Measuring Small Strain During Triaxial Testing of Soil 
Specimens.” Geotechnical Testing Journal, Vol. (18), No. 2, 137-156 
 
Seed, H. B, Chan, C. K. and Monismith, C. L., (1962), “Resilience Characteristics of 
Subgrade Soil and their Relationship to Fatigue Failure.” Proceedings of the 
International Conference of Structural Design of Asphalt Pavements, Ann Arbor,  
Michigan, 611-636. 
 
Seed, H. B, Chan, C. K. and Lee, C. E., (1962), “Resilience Characteristics of 
Subgrade Soil and their Relationship to Fatigue Failure in Asphalt Pavements.” 
International Conference of Structural Design of Asphalt Pavements Proceedings, 
1962 
 
Seim, D. K., (1989), “A Comprehensive Study on the Resilient Modulus of Subgrade 
Soils.” Proceedings of the Workshop on Resilient Modulus Testing, Oregon State 
University, Corvallis, Oregon. 
 
Selig, E. T., Waters, J. M., (1994), “Track Geotechnology and Substructure 
Management.” Thomas Telford Service Ltd. 
 110
Sondhi, J. S., Dasari, R. D., Tan, S. A., (2003), “Design Issues and Subgrade Assement 
for the Rawang-Ipoh High Speed Track” Railtech 2003 International Conference and 
Exhibition 
 
Sweere, G. T. H. (1990), “Unbound Granular Bases for Roads.” Doctoral thesis, Delft 
University of Technology. 
 
Thompson, M. R., and Robnett, Q. L., (1976), “Final Report, Resilient Properties of 
Subgrade Soils.” Civil Engineering Studies Transportation Engineering Series No. 14, 
Illinois Cooperative and Transportation Series No. 160 
 
Thompson, M. R., (1989), “Factors Affecting Resilient Moduli of Soils and Granular 
Materials.” Proceedings of the Workshop on Resilient Modulus Testing, Oregon State 
University, Corvallis, Oregon. 
 
Vinson, T. S., 1989, “Fundamentals of Resilient Modulus Testing”, Proceedings of the 
Workshop on Resilient Modulus Testing, Oregon State University, Corvallis, Oregon. 
 
Von Quintus, H. and Killingsworth, B., (1998), “Analysis Relating to Pavement 
Material Characterizations and Their Effects on Pavement Performance.” Federal 
Highway Administration Publication No. FHWA-RD-97-085. 
 
Yuan, D., and S. Nazarian, S., (2003), “Variation in Moduli of Base and Subgrade with 
Moisture.” Road/Pavement Design for Seasonal Effects, TRB 2003 annual meeting 
 
Zhu, J. H., and Zaman, M., (1998), “Resilient Modulus of Cohesive Soils: Discussion.” 
Journal of Geotechnical and Geoenvironmental Engineering, 1155-1157 
 
 
 
 
 
 
 
 
 
 
 
 
